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ABSTRACT 
In all eukaryotes, mitochondrial biogenesis is dependent upon the expression 
of genes in two spatially distinct genomes, one in the nucleus and the other 
within the mitochondrion itself. The vast majority of mitochondrial proteins 
are encoded by nuclear genes, synthesised on cytoplasmic polysomes as 
higher molecular weight precursors and imported post-translationally. The 
aim of the work described in this thesis was to initiate development of an in 
vitro system for analysis of the import of specific proteins into isolated maize 
mitochondria. It is envisaged that such a system will help ih the determination 
of the sequence of events which constitute mitochondrial biogenesis, and of 
how this process is regulated by the plant in response to various 
developmental and environmental stimuli. 
A coupled transcription/ translation system was used to generate 
radiolabelled protein from DNA sequences cloned into the expression vector 
pDS6. A pDS6 recombinant, pDS6-G5, containing both cDNA and genomic 
sequence corresponding to a maize gene (Gi) encoding the adenine nucleotide 
 coli translocator (ANT) has been cloned. Transcription of this clone with E. 
RNA polymerase produced a major transcript of 1.20kb. Translation of this 
transcript in either a rabbit reticulocyte lysate or wheat germ extract produced 
a polypeptide of 31kDal which cross reacted with antisera raised against 
maize mitochondrial ANT protein. 
Mitochondria were isolated from the coleoptiles of dark-grown maize 
seedlings by density gradient centrifugation through Percoll. Incubation of 
these mitochondria with the pDS6-G5 translation product in reticulocyte 
lysate produced a polypep tide of 29kDal. This polypeptide co-migrated with 
mitochondrial ANT, and was sequestered within the mitochondrion, as 
indicated by resistance to digestion by added proteinase K. Solubilisation of 
the mitochondrial membranes with Triton X-100 abolished resistance to 
digestion by added proteinase K. Import from the bound state is inhibited by 
valinomycin, a potassium ionophore which causes collapse of the 
mitochondrial membrane potential, and by o-phenanthroline, a chelator of 
divalent metal ions.' Import of pDS6-G5 translation product synthesised in 
wheat germ extract was not achieved. 
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pDS expression clones containing sequences encoding the precursors of yeast 
cytochrome c oxidase subunit IV (pre-COX IV) and tobacco F1-ATPase beta 
subunit (pre-beta) were used to programme the coupled 
transcription/ translation system (using reticulocyte lysate) and shown to 
direct synthesis of polypeptides of 17kDal and 60kDal respectively. These 
proteins were imported and processed by isolated maize mitochondria. The 
imported polypeptides were again characterised by resistance to added 
proteinase K (in the absence of Triton X-100) and by dependence upon a 
membrane potential. 
Proteolytic processing activity was identified in a crude maize mitochondrial 
matrix extract. In the presence of zinc and cobalt ions, pre-beta and pre-COX 
IV, but not pDS6-G5 (ANT) translation product, were processed to the 
molecular weights seen to be produced during import. 
A clone encoding F1-ATPase beta subunit has been isolated from a maize 
cDNA library and sequenced. This clone lacks sequence encoding amino 





ANT adenine nucleotide translocator 
Amp ampicillin 
ATP adenosine-5'-triphosphate 
bp base pair (of DNA) 
bisacrylamide N, N'-methylene bisacrylamide 
Bq Becquerel 
BSA bovine serum albumin 
CAT chloramphenicol acetyl transferase 
cDNA complimentary (or copy) DNA 
cms cytoplasmic male sterility 
cpm counts per minute 
DEAE diethylaminoethyl 
DHFR dihydrofolate reductase 
DNA deoxyribonucleic acid 
dNTPs deoxyribonucleotide-5'-triphosphates 
(N=A,C,G or T) 
DMF dimethylformamide 
DTT dithiothreitol 
EDTA 	 ethylenediaminetetraacetic acid (disodium 
salt) 
EGTA 	 ethyleneglycol bis-(-aminoethy1 ether) 
N,N,N',N'-tetraacetic acid 
fw fresh weight 
Xg average maximum relative gravitational force 
Hepes 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid, sodium salt 
TM mitochondrial inner membrane 
IMS mitochondrial inter membrane space 
IPTG isopropyl f-D-thiogalactoside 
Ka Michaelis-Menten association coefficient 




moi multiplicity of infection 
MOPS 3-(N-morpholino)propanesulphonic acid 
mENA messenger RNA 
mt mitochondrial 
NAD nicotinamide adenine dinucleotide 
NADH 3-dihydronicotinamide adenine dinucleotide 
NTPs nucleotide-5'-triphosphates (N= A,C,G,T or U) 
ODx optical density at x nanometers wavelength 
OM mitochondrial outer membrane 
PEG polyethyleneglycol 
pfu plaque forming units 
Pipes 1,4-piperazinebis(ethanesulfonic acid) 
PMSF phenylmethylsulfonyl fluoride 
PPO 2,5-diphenyloxazole 
RNA ribonucleic acid 
rpm revolutions per minute 
rRNA ribosomal RNA 
Sarkosyl N-lauroylsarcosine 
SDS sodium dodecyl sulphate 




tRNA transfer RNA 
v/v volume per volume (given as a percentage) 
w/v weight per volume (given as a percentage) 




1.1 General introduction. 
The aim of this chapter is to explain the rationale behind the experiments 
described in chapters 3-6 within the context of related research on plant 
mitochondrial function and biogenesis. In view of the fact that much of the 
background material described relates to fungal systems, unique features of 
plant mitochondria, and of their cellular environment in the developing plant 
will be emphasised. 
1.2 	Mitochondrial biogenesis. 
Mitochondrial biogenesis is a complex procedure involving co-ordinate 
expression of nuclear and mitochondrial genomes, which are spatially distinct 
from each other and present in greatly different copy number. 
1.2.1 Mitochondrial genome structure and informational content 
Plant mitochondria, in common with mitochondria from all other eukaryotes, 
contain their own genome which encodes a limited number of mitochondrial 
RNAs and proteins. Some of these proteins have been identified, and in 
common with the situation in fungi and animals most are components of the 
multisubunit enzyme complexes of the mitochondrial inner membrane which 
are involved in the electron transport chain and oxidative phosphorylation. A 
diagramatic representation of the inner membrane, detailing which subunits 
are encoded in which genome, is shown in figure fl. 
The full extent to which plants differ from other eukaryotes in their 
mitochondrial coding capacity is not yet known. The mitochondrial genomes 
of plants are large and vary substantially in size between species, ranging 
from 218kb to 2400kb (Ward et al 1981). These genomes exist as multipartite 
structures owing to the generation of subgenomic circles through 
recombination between pairs of repeated DNA sequences, and this 
complexity, coupled to the inability to obtain recognisable, non-lethal mutants 
has prevented an exhaustive analysis of the coding capacity of plant 
mitochondrial DNA (mt DNA). Perhaps the most striking feature of plant mt 
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DNA noted to date is the presence of the gene encoding the a subunit of F1- 
ATPase (Isaac et al 1985). This represents the only known case where an F1- 
ATPase gene is located in mtDNA, in contrast to fungi and animals, where all 
subunits of the F1-ATPase are nuclear encoded. Also, the plant mitochondrial 
gene encoding the 5S rRNA has no counterpart in fungi and animals. Current 
knowledge of the coding capacities of mt DNA in yeast, mammals and plants 
is summarised in table 1. 
The number of proteins synthesised in plant mitochondria has been estimated 
by in organello protein synthesis by isolated mitochondria of Zea mays j  in 
the presence of radiolabelled amino acids. This produces 20-50 different 
polypeptides as estimated by 2-dimensional polyacrylamide gel 
electrophoresis (Hack and Leaver 1983). By implication, the vast majority of 
the several hundred polypeptides required to account for mitochondrial 
function must therefore be encoded by nuclear genes, synthesised in the 
cytoplasm, and imported into mitochondria. It is also possible that some plant 
mitochondrial RNA species may be nuclear encoded. In Chlamydomonas 
reinhardii, the mitochondrial DNA appears to encode only some of the tRNA 
species required for mitochondrial protein synthesis (Gray and Boer 1987), 
and this may be the case in higher plants also (J.H Weil, personal 
communication). 
Plant mt DNA copy number per cell varies between species and 
developmental stages. Estimates of copy number of plant mitochondrial 
genomes per cell of 110-140 for cucurbits (Ward et al 1981), 200-300 for 
etiolated hypocotyls of watermelon (Bendich and Gauriloff 1984), and 410 for 
pea embryos (Lamppa and Bendich 1984) have been reported. There is some 
evidence for developmental regulation of mitochondrial gene copy number in 
the developing wheat leaf (Topping 1987), and this will be discussed in a later 
section. 
1.2.2 Nuclear genes encoding mitochondrial proteins. 
To date only two higher plant nuclear genes coding for mitochondrial proteins 
have been isolated. These are the genes encoding the f9 subunit of 
mitochondrial F1-ATPase of Nicotiana plumbaginifolia (Boutry and Chua 
1985) and the Adenine Nucleotide Translocator (ANT) of Zea. mays (Baker 
1985), each of which is present in two copies per genome. In contrast, a wide 
range of nuclear genes encoding mitochondrial proteins have been isolated 
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Table 1. Mitochondrial coding capacity 
PLANTS YEAST MAMMALS 
Genome Size(kb) 200-2400 19-78 16-17 




Subunit 1 nadi + ? + 
Subunit 2 nad2 ? - + 
Subunit 3 nad3 + - + 
Subunit 4 nad4 ? - + 
Subunit 5 nad5 + - + 




Apocytochrome b cob + + + 
COMPLEX 4 
Cytochrome £ oxidase 
Subunit 1 coxi + + + 
Subunit 2 coxll + + + 
Subunit 3 coxi 11 + + + 
F1-F0 ATP synthase 
Subunit a atpA + - - 
Subunit6 atp6 + + + 
Subunit8 atp8 ? + + 
Subunit 9 atp9 + + + 
Ribosomal RNAs 
Large suDunit rrnb 	 + 	 + 	 + 
Small subunit rrn18 + + + 
5S rRNA rrn5 	 + 	 - 	 - 
Ribosomal protein rps13 + + - 
Transfer RNAs + 	 + 	 + 
References: Murray and Thompson (1988), Dewey et al 1985, Baker 1985, 
Hiesel et al 1987, Chomyn et al 1985, Ise et al 1985. 
ILI 
from fungi, particularly the yeast Saccharomyces cerevisiae, and the 
filamentous fungus Neurospora crassa. Yeast has proved to be particularly 
amenable to the isolation of nuclear genes encoding mitochondrial proteins, 
chiefly because it can grow anaerobically in the absence of functional 
mitochondria, and therefore biochemically defined mutants of mitochondrial 
function can be maintained on fermentable media. These mutant strains can be 
transformed with cDNA or genomic libraries of wild-type yeast cloned in 
yeast expression vectors, and mutant cells transformed with cDNAs or genes 
which restore mitochondrial activity are identified by their ability to grow on 
non-fermentable media such as glycerol. This powerful technique of genetic 
complementation has been used to isolate a wide range of cDNAs and genes. 
Examples include proteins with roles in mitochondrial transcription and 
translation (Myers and Tzagoloff 1985), RNA processing (McGraw and 
Tzagoloff 1983), oxidative phosphorylation and electron transport (i.e. 
components of the inner membrane enzyme complexes) (Cumsky 1985), 
and the regulation of mitochondrial gene expression (Fox 1986). 
1.2.3 Regulation of nuclear gene expression. 
The co-ordinated expression, transport and assembly of both nuclear and 
mitochondrially encoded proteins is essential for the biogenesis of a functional 
mitochondrion. The regulation of expression of nuclear genes encoding both 
structural and regulatory proteins (and possibly RNA species too) targeted to 
mitochondria is certain to be of fundamental importance in the response of 
eukaryotes to developmental and environmental stimuli. 
a) 	Yeast 
Yeast has been the organism of choice in the study of regulation of nuclear 
gene expession, and a variety of environmental factors have been shown to 
influence the expression of nuclear genes encoding mitochondrial proteins, 
including components of the electron transport chain. The environmental 
changes whose effect is investigated are usually alterations of substrate in the 
growth medium, and it has been shown that the expression of a number of 
genes (both nuclear and mitochondrial) encoding mitochondrial proteins is 
repressed by glucose. This phenomenon, known as catabolite repression, has 
been best characterised in the case of the cyci  gene of S. cerevisiae which 
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encodes iso-1-cytochrome c (Guarente 1984, Pfeifer et al 1987a, Pfeifer et al 
1987b, Pinkham et al 1987, Lalonde et al 1986, and Olesen et al 1987). 
Regulation of transcription of this gene is mediated by the interaction of a 
complex system of cis- and trans-acting factors. Analysis of the cycl gene has 
revealed the presence of two regions 5' of the transcription startpoint which 
are instrumental in the catabolic repression of transcription of this gene. These 
regions are referred to as UAS1 and UAS2 and map at -288 to -265bp and 
around -229bp (relative to the transcription startpoint) respectively. 
UAS-1 dependent catabolite repression is sensitive to levels of haem in the 
growth medium. Two classes of mutants which modify UAS 1 dependent 
repression have been identified. One class involves mutations within UAS I 
itself, and it has been shown that single base changes in the regions -288 to - 
285 (region A) and -266 to-265 (region B) dramatically reduce the effectiveness 
of UAS-1 mediated catabolite repression. The other class of mutation involves 
disruption of the hapi gene, which encodes a trans-acting protein HAP1. This 
protein has been shown to bind, in a haem-dependent manner, to region B of 
UAS 1. Haem deficiency in the growth medium, which reduces UAS-1 
dependent repression by up to 200-fold, also antagonises binding of HAPI to 
UAS-1. A second protein, RC2, has been identified in crude extracts of yeast 
grown with sufficient haem for full UAS 1 dependent repression. This factor 
binds exactly the same sequence as HAPI, in a mutually-exclusive fashion. A 
factor which binds region A of UAS1 (RAF) has also been identified in crude 
yeast extracts. HAP1, in addition to binding UASI is a positive activator of 
transcription of the nuclear genes encoding mitochondrial iso-2-cytochrome 
and cytochrome k2. 
UAS2 dependent repression is similarly mediated by trans-acting proteins. 
HAP2 and HAP3, encoded by non-allelic genes hap2 and hap3 are both 
needed to create a single protein-DNA complex around the UAS2 sequence 
TGGTTGGT. An 'up-mutation' at this site WAS 2-UP1) gives the sequence 
TGATTGGT which is homologous to the consensus sequence TNATTGGT 
found 5' to other nuclear genes encoding mitochondrial proteins ('e.g. those for 
8-amino levinulinate synthase and cytochrome ç oxidase subunit IV) which 
are under HAP2/HAP3 control. 
There is some evidence that the 'status' of the mt DNA in strains of yeast can 
influence the expression patterns of nuclear genes for mitochondrial proteins. 
1.1 
Butow and co-workers looked at nuclear gene expression in four isonuclear 
lines of yeast, three of which carried various defects in their mitochondrial 
DNA (Parikh et al 1987). One strain was mutated in the cox III gene which 
encodes cytochrome c oxidase subunit III (COX III), another had all but 700bp 
of the wild-type mitochondrial DNA deleted and the third was completely 
lacking in mitochondrial DNA. They measured the steady-state levels of 
mRNAs of a number of nuclear encoded mitochondrial proteins, and although 
a number of differences in abundance of mRNAs between the various strains 
could be detected, there was no clear indication of the relevance of these 
disparities. Of the genes encoding mitochondrial proteins which were looked 
at, those for the a and f subunits of the F1-ATPase and cytochrome c were 
apparently expressed identically in all four strains, whilst cytochrome c 
oxidase subunit VI mRNA was, rather unexpectedly, found at higher steady-
state levels in the respiratory-deficient petites than in the wild-type strain. 
These results do, however, suggest that the nucleus is somehow 'sensing' the 
status of the mitochondrial DNA. 
Mammals 
In mammals, there is evidence for regulation of transcription of nuclear genes 
encoding mitochondrial proteins in response to changing environmental 
factors. Williams and co-workers (Williams et al 1986 and 1987) conducted a 
series of experiments to investigate the levels of control of expression of 
nuclear and mitochondrial genes in rabbit skeletal muscle during periods of 
electrical stimulation of the motor nerve. After 21 days stimulation, steady-
state levels of mRNAs for the I subunit of F1-ATPase and subunit VIc of 
cytochrome c oxidase had roughly doubled, whilst aldolase mRNA had 
decreased by 75%. This implies some pre-translational control over the 
expression of these genes, but the changes were not enough to fully explain 
the observed increase in mitochondrial activity and mitochondrial volume, 
suggesting that regulation of expression may be at more than one level in this 
case. 
Higher plants. 
Plants live and grow in an environment from which they can not escape, and 
hence they must show a high degree of plasticity in their response to 
environmental change. Progress in the study of regulation of expression of 
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nuclear genes encoding mitochondrial proteins has been hampered by the fact 
that only two such genes have been isolated. Initial studies imply that the 
steady-state levels of mRNA per cell for the Adenine nucleotide translocator 
(ANT) varies along the length of the seven day old wheat leaf (Topping 1987). 
RNA samples, extracted from consecutive 1cm transverse sections of the leaf 
from the meristematic base to the fully photosynthetically active tip, were 
compared to each other on Northern (RNA) blots probed with radioactive 
ANT cDNA. RNA from an equivalent number of cells from each section was 
compared on a single Northern blot, and this revealed a gradual decrease in 
ANT RNA/cell from meristem to leaf tip. This implies that during the 
transition from heterotrophy to autotrophy, which accompanies early seedling 
development, the expression of nuclear genes encoding mitochondrial 
proteins is modulated at the level of transcription. 
Piechulla and Gruissem (1987) investigated the diurnal variation in levels of 
mRNA of the 9 subunit of F1-ATPase in tomato fruits and found dramatic 
variations, with levels increasing during the dark period and falling to low 
levels after . 9 hours light. 
To date, no studies have been carried out on the putative cis- and trans-acting 
factors responsible for regulating expression of plant nuclear genes encoding 
mitochondrial proteins. 
1.2.4 Regulation of mitochondrial gene expression 
a) 	Yeast 
The regulation of mitochondrial gene expression is poorly understood. In the 
yeast S. cerevisiae steady-state levels of a number of mitochondrial tRNAs, 
mRNAs and rRNAs have been measured (Mueller and Getz 1986b), and this 
revealed a variation between 9000 copies per cell for rRNAs to less than 300 
copies per cell for some mRNAs. However, it has not yet been possible to 
identify mutations in nuclear genes which specifically alter the steady-state 
levels of any subset of mitochondrial RNAs to any appreciable extent. The 
variations in steady-state levels of RNA species appear to be due to differing 
promoter strengths and transcription rates, and attenuation of transcription. 
Yeast mitochondrial promoters show a high degree of homology to each other, 
with the consensus A/TTATAAGTA being highly conserved between 
transcription starts (the underlined A being the first base transcribed) 
(Schinkel et al 1987). Despite this high degree of homology, the relative 
efficiencies of different promoters has been shown to vary up to 20-fold in i n  
vitro competition assays (Wettstein-Edwards et al, 1986). 5 tRNA promoters 
were each compared to the 14S rRNA yeast promoter and found to fall into 
two classes, one being 20x as efficient in vitro as the other. Transcriptional 
elongation rates for different RNAs may vary up to 50-fold, with attenuation 
of transcription of up to 17-fold within polygenic RNA molecules (Mueller 
and Getz 1986a). 
Nuclear mutants with altered mitochondrial gene expression can be divided 
into two classes on the basis of their different effects on mitochondrial protein 
synthesis. Class 1 mutants, which do not synthesise any mitochondrial 
protein, are of little interest regarding the study of regulation of mitochondrial 
gene expression. These mutants presumably harbour a defect in the machinery 
required for expression of the mitochondrial genome (e.g mitochondrial RNA 
polymerase), rather than in any protein involved in the regulation of 
expression. Class 2 mutants show altered expression of one or a few specific 
proteins. 
All class 2 mutants identified so far appear to exhibit normal transcription 
patterns of mRNA encoding the affected protein(s), suggesting that the 
missing or mutated nuclear gene products are involved in stabilising the 
structure of, or regulating translation of, specific mitochondrial mRNAs. No 
mutants with altered regulation of transcription have been identified. 
One example of a well characterised class 2 mutant is the S. cerevisiae petite 
strain 12et494 (Fox 1986). This strain has greatly reduced levels of cytochrome 
oxidase subunit III (COX III), which is encoded by the coxill gene, but 
apparently normal levels of coxill mRNA. The pet494 phenotype can be 
suppressed by rearrangements in the 5' transcribed, untranslated region of 
coxi 11. These rearrangements involve fusion of 5' transcribed, untranslated 
regions of other mitochondrial genes to the break point generated 5' of the 
coxill gene. A second mutation, pet54 genetically unlinked to 12et494 is 
phenotypically identical to pet494. The PET494 and PET54 gene products are 
located in the mitochondrion, and their sites of action have been genetically 
mapped to the 600bp 5' untranslated region of the coxill mRNA. Fox has 
suggested that the PET494 and PET54 gene products are involved in binding 
to the coxi 11 untranslated leader sequence to stimulate translation of this 
mRNA, perhaps by being involved in the formation of a coxill mRNA-
specific translation initiation factor. 
A similar situation involving the cob gene encoding apocytochrome k has been 
reported by Rodel (1986). Nuclear mutations in the CBS1 and CBS2 genes 
affect cytochrome b synthesis without altering mRNA levels. Mitochondrial 
DNA rearrangements analagous to those described above concerning coxlll 
can suppress these mutations. A pet494 suppressor mutation which has the 
cob leader fused to the coxl 11 gene will not produce COX III if the nuclear 
background carries a mutated CBS1 gene, suggesting that this suppressor 
relies on recruitment of one or more regulatory proteins required for 
translation of cob mRNA in wild-type strains (Rodel and Fox 1987). 
These data provide strong evidence that there are gene specific nuclear 
encoded proteins which regulate the translation of specific mitochondrial 
mRNAs by interaction with 5' transcribed, untranslated sequences. 
Mitochondrial gene expression is subject to catabolite repression (Mueller and 
Getz 1986b). When yeast cells grown in the absence of glucose are transfered 
to growth medium supplemented with glucose, rRNA levels decrease from 
9000 to 2000 copies per cell, and a decline of similar proportions is seen for all 
the other RNA species which were measured, with the exception of tRNAmet 
which decreases by 1.7-fold. This implies a rather non-specific catabolite 
repression of mitochondrial DNA transcription. 
b) Mammals 
Like yeast, mammals appear to demonstrate different levels of control of 
expression of nuclear and mitochondrial genes in response to environmental 
change. The expression of nuclear genes encoding mitochondrial proteins is 
regulated, at least to some extent, at the level of gene transcription (see section 
1.2.3) whereas expression of mitochondrial genes is regulated at the level of 
DNA replication (Williams et al, 1986 and 1987). A 5-fold increase in cob 
mRNA was observed over a 21-day period of continual stimulation of the 
motor nerve of rabbit skeletal muscle, but this was accompanied by a 4-fold 
rise in cob gene copy number. In addition, mitochondrial DNA, rRNA, and 
cob mRNA levels per cell were measured in the striated muscle of a 
population of rabbits which exhibited a large variation in their oxidative 
capacity. These three parameters were found to vary in parallel with each 
other and with oxidative capacity of the muscle, indicating a primary role for 
mitochondrial gene amplification in the regulation of mitochondrial 
biogenesis during development of the striated muscle (Williams 1986). 
C) 	Trypanosomes 
The steady-state levels of mitochondrial RNAs during the life cycle of T. 
brucei have been monitored (Michelotti and Hajduk 1987). These parasites 
carry out oxidative phosphorylation when in the midgut of the insect vector, 
but rely upon glycolysis for ATP generation during growth in the mammalian 
bloodstream. This growth, which involves a morphological transition from 
'slender' to 'stumpy' shape is correlated with an increase in mRNA for some 
mitochondrially encoded genes (cob , coxi, cox2) by about 30-fold, in 
preparation for life in the insect midgut. Other mitochondrial mRNAs, e.g. for 
NADH Dehydrogenase subunit V, show no change during this development, 
suggesting the existence of more than one control mechanism. 
d) 	Higher plants 
Higher plants undergo a number of developmental transitions which are 
accompanied by a marked change in the level of mitochondrial oxidative 
phosphorylation. Examples include flowering, fruit ripening, senescence, and 
early seedling development. The last of these is a system of unique interest, 
involving co-ordinate expression of the three-plant cell genomes (nuclear, 
mitochondrial and chloroplast) as the transition from heterotrophy to 
autotrophy is achieved. 
A study, on a cellular basis, of DNA copy number, RNA abundance and 
protein content for several mitochondrial genes during early leaf development 
in wheat has revealed a complex pattern of regulation (Topping 1987). Gene 
copy number per cell decreases from the meristematic cells at the base of the 
leaf to the photosynthetically active cells at the leaf tip by between 3-and 10-
fold for the genes studied (coxi, coxZ, çpk1 atpA- see Table 1. ). RNA levels 
also decrease, but to an extent which can not be entirely accounted for by the 
changes in gene copy number. This implies control at both the levels of DNA 
replication and transcription. The levels of the corresponding proteins 
decrease less sharply than the RNA levels, implying the existence of further 
post-transcriptional control mechanisms. 
1.2.5 Targeting and import of proteins into mitochondria. 
1.2.5.1 	General comments 
Import and assembly into functional enzyme complexes of mitochondrial 
proteins represents a potential level at which mitochondrial biogenesis could 
be regulated. Studies on fungal systems over the last 10 years have produced a 
wealth of data concerning the molecular basis of import of proteins into 
mitochondria. For reviews see Schwaiger and Neupert 1987, and Schatz 1987. 
The work described in this thesis is directed towards improving our 
understanding of this process in higher plants. Although it is envisaged that 
the basic mechanisms may be similar to those described in fungi, plants are 
unique in containing two semi-autonomous organelles (the mitochondrion 
and the chloroplast) which are the products of components encoded both in 
the nucleus and in the organelles themselves. Additionally, the regulation of 
plant mitochondrial biogenesis in response to developmental and 
environmental stimuli during the life cycle of the plant is central to the 
changing energy requirements of the cell. 
The fungal work reviewed here provides a useful vantage point from which to 
address the problem of how to approach the investigation of regulation of 
plant mitochondrial biogenesis, and will be discussed with emphasis upon 
questions arising from the unique nature and changing cellular environment 
of mitochondria in a developing plant. 
1.2.5.2 	Import pathways 
Nuclear encoded mitochondrial proteins are synthesised on cytosolic 
ribosomes and imported post-translationally. Both in vitro and in vivo 
experiments have demonstrated that it is possible to import proteins into 
mitochondria in the absence of protein synthesis. It has not been ruled out that 
some import is co-translational, and cytosolic ribosomes closely associated 
with mitochondria are enriched in mRNAs for some imported proteins (Ades 
and Butow 1980, Suissa and Schatz 1982). However, no obligate coupling 
between translation and import of any protein has yet been reported. 
Many, though not all, imported proteins have a cleavable amino-terminal 
'presequence' which is proteolytically removed during import. Such 
presequences, which are thought to contain signals which specifically direct 
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these proteins to the mitochondrion will be discussed in a later section. This 
section is concerned with the molecular events of import pathways. 
Neupert and co-workers have extensively characterised the import of a 
number of authentic nuclear encoded precursors into isolated mitochondria of 
Neurospora crassa, and whilst different proteins to some extent share the 
same import mechanism, several distinct pathways have been identified. This 
is not suprising given that the mitochondrion is made up of several distinct 
compartments and membrane systems which must accomodate a population 
of imported proteins which is heterogenous with respect to size, charge and 
hydrophobicity. Five well characterised examples of import into mitochondria 
of N. crassa are discussed below. These examples support a general 
description of the mechanism of import, whilst outlining the differences 
between import pathways of different proteins, which reflects the unique 
internal location and structural /enzymatic characteristics of each imported 
protein. 
a) 	The 9 subunit of F1-ATPase 
This polypeptide is synthesised as a precursor of about 52kDal which is 
processed during import to its mature size of 5OkDal and assembled into the 
F1-ATPase complex within the matrix (Schleyer and Neupert 1985, Pfanner 
and Neupert 1986). The elucidated import pathway is shown in figure j.  The 
first step of the import process involves interaction of the precursor protein 
with proteinaceous receptors in the outer membrane (OM), and the generation 
of a 'translocation intermediate' which spans both inner and outer 
mitochondrial membranes. This intermediate is still sensitive to added 
exogenous protease, implying that a major portion of the protein is external to 
the outer face of the OM, yet it is accessible to processing by the matrix 
protease, implying some penetration of the amino terminal portion through 
both membranes. This would require close association of the inner and outer 
membranes at the site of translocation, and these regions have been termed 
'translocation contact sites'. 
The existence of proteinaceous receptors in the OM is supported by 
experiments in which pretreatment of mitochondria with trypsin (lp.g/mg mt 
protein) reduced competence to import by 75%. A mitochondrial membrane 
potential and the presence of nucleotide triphosphates (NTPs- ATP or GTP) 
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Schematic representation of import of beta subunit 
of F1-ATPase (Pfanner et al 1987c). 
a) Interaction between precursor( 1 ) and receptor (R) requires 
NTPs and a membrane potential. Intermediates spanning 
both inner and outer membranes (2) are processed by the 
matrix processing peptidase (PP). 
b)Higher levels of NTPs, but no membrane potential required 
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bipartite presequence 
Schematic representation of import of complex III 
Fe/S protein. (Hart] et al 1986) 
a) Interaction between precursor (1) and receptor (R) requires 
NTPs and a membrane potential. Intermediates spanning 
both inner and outer membranes (2) are processed by the 
matrix processing peptidase (PP). 
b)Higher levels of NTPs, but no membrane potential required 
for translocetion across the membranes to the matrix (3) 
c)Retrenslocation (no membrane potential required) is accompanied 
by a second processing event to produce the mature form (4) 
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precursor protein will remain trapped at the intermediate stage at 
translocation contact sites. Higher levels of NTPs, but not a membrane 
potential are required to allow completion of import, as measured by 
resistance to added external protease. 
The existence of translocation contact sites is supported by electron 
microscopic studies (Hackenbrock 1968, Kellems et al 1975) which detailed the 
existence of such contact sites between the inner and outer membranes, and 
the presence of cytosolic ribosomes around them. In addition, translocation 
intermediates generated when mitochondria are incubated with precursor 
protein bound to an antibody can be visualised by labelling with protein A-
gold, and are seen to be present only at contact sites between the membranes. 
These protein-antibody complexes are trapped as import intermediates 
(Schwaiger et al 1987). 
Mitoplasts, generated by treatment of mitochondria with 0.4% digitonin, lose 
80% of the OM, but no TM [as measured by retention of the marker enzymes 
porin (OM) and Adenine nucleotide translocator (TM)], and yet can still import 
13 subunit precursor. This appears to be due to the persistence of contact sites 
in the mitoplasts, rather than the exposure of cryptic TM import receptors, 
since disruption of the OM with trypsin prior to digitonin treatment abolishes 
the ability of the mitoplasts to import, while translocation intermediates 
created with protein-antibody prior to digitonin treatment co-fractionated 
with the mitoplasts. 
b) 	The Rieske Fe/S protein of complex III 
This protein is synthesised as a precursor of 25kDal which is processed in two 
steps during import to a mature size of 21.5kDal. It is functionally located on 
the outer surface of the TM, facing the inter-membrane space (IMS). The 
deduced import pathway is summarised in figure L.  The stages of import up 
to generation of a processed, protease-sensitive intermediate at translocation 
contact sites are apparently identical to those described for import of the 13 
subunit of F1-ATPase (Harti et al 1986). The subsequent membrane potential 
independent translocation, however, results in complete translocation of the 
processed intermediate form into the matrix. The processed intermediate form 
of the Fe/S protein is then retranslocated to the outer face of the TM, processed 
by a second protease (located in the IMS) to its mature form, and assembled. If 
processing activity of the matrix protease is inhibited by o-phenanthroline (an 
15 
inhibitor of metalloproteases), precursor accumulates in the matrix, from 
where it can be 'chased' to its correct destination once the inhibition is lifted. 
Envoking the endosymbiotic hypothesis of mitochondrial origin, Harti et al 
(1986) have suggested that this second targeting event may be a relic of when 
the Fe/S protein was still encoded within the endosymbiont. Interestingly, the 
bacterium R.sphaeroid.es  targets a Fe/S protein to the outer face of its 
photosynthetic membrane, during which it is processed to a smaller form. The 
apparent change in MW is 1-2 kD, which is similar to the change 
accompanying the second processing event following the import of N. crassa 
Fe/S protein. Also, in yeast, mitochondrially encoded cytochrome ç oxidase 
subunit II (COX II), which is targeted from the matrix (where it is made) to the 
TM, is processed at its amino terminus (Pratje et al 1983, Pratje and Guiard 
1986). 
Import of both cytochrome ci a component of complex III facing the IMS, and 
cytochrome k2,  which is a soluble component of the IMS, occur via 
mechanisms which apparently are similar to that described for the Fe/S 
protein (Harti et al 1987). Both are processed in two steps, the first being by 
the matrix protease during the first translocation event at contact sites 
between the inner and outer membranes, and then again during 
retranslocation across the TM. Mature cytochrome 122 is released into the IMS 
prior to assembly, whereas mature cytochrome cl remains embedded in the 
TM, probably due to a hydrophobic stretch of amino acids near the carboxy 
terminus. One notable difference regarding the import of cytochrome cl is the 
requirement of a membrane potential for the retranslocation across the TM. 
The significance of this difference is unclear. 
The generality of this import pathway for components of the IMS and of the 
outer face of the IM remains to be seen. 
c) 	Cytochrome c 
Cytochrome ç,  another IMS enzyme, is imported via a very different pathway 
apparently unique to itself, which is shown in figure 1.4. The apocytochrome c 
synthesised in the cytoplasm is apparently imported directly to the IMS 
without processing, and is converted to the holoenzyme through the covalent 
attachment of haem by the TMS enzyme cytochrome c haem lyase (Nicholson 
et g 1987). 
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Schematic pathway of import of cytochrome C. 
Reversible interaction between precursor (1) and outer membrane 
Interaction with a soluble binding protein (DP) stabilises the 
cytochrome c in the membrane (2) 
Attachment of haem(H) by the haem lyase enzyme (HL) (3) 
is required to allow 
translocation to the mature soluble form (4) in the INS 
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Figure 1.5 
Schematic representation of import of ANT (Planner et al 1 987c) 
a) Precursor protein (1) interacts with membrane receptors (R) 
and is translocated, in an NTP-dependent manner to a site within 
the outer membrane (2). 
b)Translocation intermediates spanning both inner and outer 
membranes (3) are generated in the presence of a membrane 
potential. 
c)Flature ANT is incorporated into the inner membrane (4). 
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Apocytochrome ç can be chemically synthesised from the holoenzyme in large 
quantities, thus allowing binding studies to quantitate available import 
receptors using Scatchard plot analysis; which revealed that the 
mitochondrion contains a saturable number of apocytochrome ç binding sites 
(9Opmol/mg mitochondria) with a Ka  of 2.2x107 M 1 (Hennig et 2 .11983). A 
soluble mitochondrial protein with a high affinity for binding apocytochrome 
c has been identified in N. crassa, in the IMS (Schwaiger and Neupert 1987). 
This soluble component could be an apocytochrome ç  receptor protein, since 
apocytochrome ç can apparently spontaneously insert into biological 
membranes (obviating a requirement for an OM receptor), and high (40.tg/mg 
mitochondria) levels of trypsin are required to substantially decrease import. 
Indeed, this system could explain the high specificity of the binding of 
apocytochrome c to mitochondria; no other imported proteins have been 
shown to compete with apocytochrome c for receptor binding. Import from 
the bound state is dependent on the haem lyase reaction. Inhibition of this 
reaction will prevent import, and it has been suggested that the 
conformational changes involved in the attachment of haem may be coupled 
to translocation to the IMS (Nicholson et al 1987). 
Apocytochrome ç import is not dependent upon the existence of a membrane 
potential, but is sensitive to mutations induced towards the carboxy terminus 
of the precursor, further highlighting the distinct nature of this pathway 
(Stuart et al 1987). 
d) 	Adenine nucleotide translocator (ANT) 
ANT is synthesised as a 30kDal precursor, which is not processed during 
import. It is an integral TM protein, where it exists as a dimer spanning the 
membrane. The import pathway is shown in figure 1.5. Scatchard plot analysis 
of binding experiments has revealed the existence of saturable binding sites at 
2-5 pmol/mg mitochondria with a Ka of 1.1x10 9 M 1 (Schmidt et al, 1985). 
Import of ANT occurs by a similar but distinct pathway to that described for 
the g  subunit of F1-ATPase (Pfanner and Neupert 1987). Proteinaceous 
receptors on the OM bind the precursor in an NTP-dependent fashion, and 
following this initial interaction with the receptor the ANT is transported to a 
protease resistant location within the OM. This requires higher levels of NTPs, 
but no membrane potential. Translocation across the inner membrane is 
initiated at translocation contact sites, with the precursor spanning both 
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membranes. A membrane potential is required during these initial stages of 
translocation across the TM, but not at any other time during the import. 
The mitochondrial import machinery associated with import of ANT is 
distinct from that involved in the import of I subunit of Fl-ATPase.  This is 
exemplified by the fact that treatment of mitochondria with the protease 
elastase will completely destroy competence to import ANT but not effect 
import of 9 subunit. In addition, digitonin disruption of the OM will reduce 
competence to import ANT in parallel with release of the OM marker porin, in 
contrast to the situation described for 9 subunit, where digitonin induced 
release of 80% of porin had no clear effect upon import efficiency. 
The location of the targeting information in ANT precursor is unclear. A 
truncated precursor lacking the amino terminal 103 amino acids behaves 
identically to the authentic precursor during in import into isolated 
mitochondria of N. crassa (Pfanner et al 1987a), yet the amino terminal 115 
amino acids of the S.
,
cerevisiae precursor have been shown to constitute a 
targeting sequence when fused to a reporter protein (Adrian et al 1986). 
Smagula and Douglas (1988) have analysed this 115 amino acid targeting 
sequence in greater detail, revealing that a hybrid protein consisting of the 
amino terminal 72 amino acids of ANT fused to the entire coding region of 
mouse cytosolic dihydrofolate reductase (DHFR) will not even bind to 
mitochondria in vitro, whereas a fusion between the amino terminal 111 
amino acids and DHFR will be targeted and imported to a location where it is 
protected from digestion by exogenous protease. This imported hybrid protein 
can be extracted with alkali, unlike authentic ANT, implying sequences distal 
to amino acid 111 may also be involved in import. 
e) 	Porin 
Porin is an outer membrane protein synthesised as a 29kDal precursor which, 
like other imported OM proteins described to date, is not processed during 
import. Water soluble porin isolated from mitochondria has been used in 
binding studies and import reactions. Binding sites were estimated by 
Scatchard plot analysis at 5-10 pmol/mg mitochondria with a Ka of 1-5x10 8 
M 1 (Pfaller et al 1985, Pfaller and Neupert 1987). Import of jiivitro 
synthesised porin (as opposed to water-souble porin extracted from 
mitochondria) is competitive with respect to ANT and requires NTPs but, in 
common with other OM proteins, no membrane potential is required (Kleene 
et al 1987). 
1.2.5.3 	Targeting sequences and intracellular sorting 
As described above, many nuclear encoded mitochondrial proteins are 
synthesised as higher molecular weight precursors with amino terminal 
transient presequences. Other imported proteins are targeted by sequences 
which are not cleaved during import. The structure and function of targeting 
sequences, both cleavable ('presequences') and internal have been investigated 
in a number of laboratories by the construction of gene fusions encoding 
hybrid proteins. For reviews see Hurt and van Loon (1986), Schwaiger and 
Neupert (1987), Schatz (1987). These studies have addressed questions 
concerning both what constitutes a targeting sequence and how these 
sequences function in intracellular and intramitochondrial sorting. 
Schatz and co-workers have made extensive use of gene fusions to show that 
the information contained within certain cleavable presequences is necessary 
and sufficient to target 'passenger' proteins to mitochondria in Saccharomyces 
cerevisiae both in vitro and in vivo. For example, various amino terminal 
regions of yeast pre-cox coding DNA have been fused in-frame to the 
coding region of the gene encoding mouse cytosolic dihydrofolate reductase 
(DHFR). These constructs can be expressed in vitro using a coupled 
transcription/ translation system or cloned into a yeast expression vector and 
transformed into yeast cells for i n  import analysis. The COX IV 
presequence is 25 amino acids long. A hybrid protein including only the 
amino terminal twelve of these amino acids will bind to mitochondria and 
import into the matrix, but this construct is not cleaved (Hurt et al 1985a). A 
second hybrid protein, which included the first 28 amino acids of the mature 
COX IV sequence in addition to the entire 25 amino acid cleavable signal 
sequence, fused to DHFR, was imported and cleaved at the authentic site 
(between residues 25 and 26) (Hurt et al 1984a). 
Targeting sequences of several different proteins have been described (e.g. 
Hurt and van Loon 1986). The reported size range is between nine residues (& 
aminolevulinate synthase) (Keng 1986) and 80 residues (cytochrome 2) 
(Guiard 1985). Common features are a low abundance of acidic amino acids, 
and high levels of basic, hydroxylated, and hydrophobic amino acids, but no 
significant homology at the level of primary amino acid sequence. 
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von Heijne (1986) carried out a statistical study of 23 mitochondrial 
presequences and identified a common feature, namely the ability of such 
peptides to form amphiphilic a helices. That such structures may be important 
in targeting was supported by the observation that regions of highest 
hydrophobic moment appeared to coincide with 'critical' residues as defined 
by mutation and deletion studies. A synthetic peptide equivalent to the 
presequence of yeast COX IV was prepared and shown to be able to insert into 
phospholipid monolayers, where it develops an a helical structure, as 
measured by circular dichroism. In aqueous media this peptide appeared to 
retain no such structure. Insertion into liposomes was favoured by a potential 
gradient (positive outside) across the membrane, which mimics the situation 
in mitochondria (Roise et al 1986). 'Designer' synthetic presequences, 
composed entirely of leucine, arginine and serine (apart from the initiator 
methionine) were found to act as efficient targeting signals (Allison and Schatz 
1986). 
The occurance of amphiphilic a helices in proteins is not uncommon, but to 
constitute a mitochondrial targeting sequence this structure must protrude out 
from the major domain(s) of the mature protein. For instance, an internal 
sequence of DHFR can act as a targeting sequence when it is expressed as the 
amino terminal domain of a hybrid protein, but authentic DHFR will not be 
targeted to mitochondria (Hurt and Schatz 1987). Also, about 1% of random 
sequences of 60-100 bp isolated from the E. çij genome encode peptides with 
the ability to target passenger proteins to yeast mitochondria (Baker and 
Schatz 1987). 
A dependence on NTPs (ATP and/or GTP) is a common, though not 
universal, requirement for import (Pfanner et al. 1987c and Hurt 1987) and 
there is some indirect evidence to suggest that there may be some active NTP-
driven unfolding of precursors during import. One of the major conceptual 
problems of post-translational import is how to explain the translocation of a 
folded protein across lipid membranes. Unfolding during import is an 
attractive idea, and is supported by observations that stabilising the secondary 
structure of precursor proteins can inhibit import. For instance, import of 
hybrid proteins including DHFR protein sequences can be repressed by 
binding the protein to methotrexate, an anti-DHFR drug which covalently 
fixes the DHFR structure, and hence presumably inhibits unfolding (Eilers and 
Schatz 1986). Similarly, binding of antibodies to a number of N. crassa 
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precursor proteins prior to incubation with isolated mitochondria blocks 
import at the stage of translocation intermediates at contact sites (Schleyer and 
Neupert 1985). The hypothesis that NTPs are required for unfolding during 
import is supported by observations that prematurely terminated precursors 
of hybrid proteins including DHFR, which are incompletely folded as 
measured by decreased ability to bind methotrexate and increased sensitivity 
to added protease, are imported very rapidly and without requirement for 
NTPs (Verner and Schatz 1987). In addition, water-soluble forms of porin, 
which are presumably denatured to some extent, are imported into isolated 
mitochondria of N. crassa without requirement for NTPs (Kleene et al 1987). It 
has been suggested (Rothman and Kornberg 1986) that an ATP dependent 
'tracking' enzymatic activity, as described for an E. çij protease, may be 
involved. Neupert and his co-workers report that precursor proteins 
synthesised in a rabbit reticulocyte lysate translation system become more 
protease-sensitive upon addition of NTPs (Pfanner et al 1987c). This correlates 
with the requirement for NTPs during very early stages of import of some 
precursors (e.g.F1-ATPase L subunit and ANT), and raises the possibility that 
NTP-requiring cytosolic enzymes may interact with import precursors to 
unfold them into a form competent for interaction with receptors on the 
mitochondrial surface. In other words, NTP-driven unfolding may occur at 
more than one stage of import. The fact that unfolded chains can import 
without NTPs indicates that there is no direct link between unfolding and 
translocation, raising the question of what drives translocation. One 
suggestion is that refolding of the polypeptide inside the mitochondrion may 
provide the necessary energy (Verner and Schatz 1987). 
The importance of the membrane potential for the import of many proteins 
has led to the suggestion that an electrophoretic effect may be involved in 
'pulling through' the signal sequence to initiate translocation (Roise et al 1986). 
For proteins which are imported via translocation contact sites the 
dependence upon membrane potential is released before a major portion of 
the protein has crossed either membrane, implying that this potential gradient 
is not an essential factor in translocation itself, but only involved in initiating 
the process. 
Can the interaction between presequences and the mitochondrion explain the 
specificity of mitochondrial targeting? Binding of hybrid proteins to 
mitochondrial receptors in the absence of a membrane potential is affected by 
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the nature of the 'passenger' protein. Precursor to subunit 9 of the F0-ATPase 
of N. crassa will bind to mitochondria under these conditions and can 
subsequently be imported upon re-establishment of the potential. However, 
fusions between the subunit 9 presequence and DHFR will not bind 
membranes which do not carry a potential gradient, although they are 
successfully imported when the mitochondria are energised (Pfanner et al 
1987b). In addition, a fusion between the presequence of yeast mitochondrial 
superoxide dismutase (SOD), a matrix protein, and DI-IFR is efficiently 
imported in vitro whereas a similar construct with invertase as the passenger 
protein will only bind mitochondria with low efficiency in vitro with most 
remaining unimported (van Steeg et al 1986). It is not clear whether the initial 
interaction between authentic import precursors and their respective receptors 
is similarly dependent upon sequences other than the presequence. 
In addition, it must be remembered that not all imported proteins are targeted 
exclusively by their amino terminal sequences. ANT and cytochrome ç have 
been shown to use carboxy terminal or internal sequences for targeting 
(Pfanner et al 1987a, Stuart et al 1987). 
1.2.5.4. 	Intramitochondrial sorting: the role of the presequence 
The mitochondrion can be considered as consisting of four distinct 
compartments; the matrix, the inner membrane (IM), the inter-membrane 
space (IMS), and the outer membrane (OM). Presequences, in addition to 
targeting proteins to the mitochondrion, are also involved in sorting these 
proteins to the correct location within the mitochondrion. It has been 
proposed that presequences consist of a series of domains which combine in a 
hierarchical fashion to achieve correct intramitochondrial sorting (Colman and 
Robinson 1986, Hurt and van Loon 1986 for reviews). Schatz and co-workers 
proposed a model, which is depicted in figure j, to explain a number of 
observations regarding import of hybrid proteins into yeast mitochondria. 
Whilst this model is of value in helping increase understanding of the 
structure and function of presequences, it is probably too simplistic to fully 
cover all presequences. The import of apocytochrome ç and the Fe/S protein 
of complex III into mitochondria of N. crassa, as detailed in section 1.2.5.2, are 
examples of targeting mechanisms which appear to be based upon alternative 
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Figure 1.6 
Model for structure of presequencçs of imported qeast proteins. Adapted from Hurt and van Loon 1986. 
M matrix-targeting domain, C = cleavage domain, S = stop-transfer domain. 
+ 	known cleavage site, + basic residue, - = acidic residue, 
putative membrane spanning sequence 
The numbers refer to amino acid residues (1 = amino-terminal residue of the precursor) 
a) 	Matrix proteins and inner membrane proteins facing the matrix. 
Despite the fact that proteins targeted to the matrix 'have furthest to go', in 
that they must completely cross both inner and outer membranes, they 
possess the simplest of all mitochondrial targeting sequences. The domain 
responsible for targeting to the mitochondrion will also effect translocation 
through to the matrix. If the precursor is to be cleaved, a 'cleavage' domain 
will follow the 'matrix-targeting' domain. A number of components of the 
enzyme complexes of the inner membrane which face the matrix, like subunit 
IV of cytochrome c oxidase and the components of the F1-ATPase complex can 
be considered as matrix proteins for the purpose of the model in figure 1.6. 
The presequences of these polypeptides consist of a matrix-targeting domain 
followed by a cleavage domain. For example, of the 25 amino acids which 
constitute the yeast COX IV targeting sequence the amino terminal 12 amino 
acids are sufficient to direct DHFR to the matrix (Hurt et al 1985a) whereas a 
construct including the amino terminal 22 amino acids of the presequence 
fused to DHFR will be processed at the more amino-terminal of the two 
identified cleavage sites within this presequence (Hurt et al 1984b). Assembly 
into the membrane complexes presumably occurs either during or 
immediately after translocation of the mature portion of the precursor across 
the TM. 
The matrix-targeting domain is almost always at the extreme amino terminus 
of the presequence (Hurt et al 1987), but this is not a universal feature. Human 
ornithine transcarbamylase is still targeted to the matrix after extreme amino 
terminal deletions are introduced via in genetic manipulation (Horwich 
et al 1986). 
b) 	Inter membrane space proteins and inner membrane proteins facing 
the inter-membrane space 
IMS proteins, and TM proteins exposed to the IMS have the most complex 
targeting signals of all. Their signal sequences are often long (e.g. 61 amino 
acids for cytochrome cl and 80 amino acids for cytochrome b2),  and are often 
processed in two distinct stages (Guiard 1985, Sadler et al 1984, Gasser et al 
1982). However, there is still some debate as to whether these proteins share a 
common import pathway. As described in section 1.2.5.2. it has been 
postulated that the N. crassa Fe/S protein of complex III is retargeted from the 
matrix to the TM (facing the IMS) following removal of the matrix-targeting 
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domain. This first cleavage event exposes an 'IMS-targeting' domain, which in 
turn is followed by a second cleavage domain, recognisable by an as-yet 
unidentified IMS protease. Experiments with isolated N. crassa mitochondria 
(Harti et al 1987) imply that this import pathway is similar to those of 
cytochromes çj and k2  but studies in S. cerevisiae (van Loon and Schatz 
1987, van Loon et al 1987) led the authors to conclude that the domain 
between the two cleavage domains of the cytochrome ci  presequence is not a 
cryptic 'IMS-targeting' domain, but is active during the initial translocation as 
an TM specific stop-transfer domain (see figure ). The implication is that this 
transmembrane species is first cleaved by the matrix protease to produce a 
substrate for the IMS protease which releases the mature protein into the IMS 
prior to assembly. 
C) 	Outer membrane proteins 
The targeting sequences of proteins whose destination is the outer membrane 
have a hydrophobic 'stop-transfer' domain which arrests transport to the 
matrix. In the case of the yeast OM 70kDal protein, amino acids 1-12 alone are 
active as a matrix-targeting domain (Hurt et al 1985b). However, the next 29 
amino acids (13-41) form a stretch of uncharged amino acids, and these are 
thought to constitute such a 'stop-transfer' domain. Amino acids 1-41 will 
target E. çij  9-ga1actosidase to the OM, where it remains anchored in the 
same orientation as the authentic 70kDal protein (Hase et al, 1984). The 
distinction between OM-specific and TM-specific 'stop-transfer' sequences is 
not clear. The proposed pathway for import of yeast cytochrome cl discussed 
above depends upon some feature of the 'stop-transfer' domain in its 
presequence preventing anchoring of the precursor in the OM. OM-targeted 
proteins, which are not cleaved, have not been shown to import via 
translocation contact sites, and may use an essentially different import 
pathway, although ANT may share the porin import pathway to some extent 
(Pfanner and Neupert 1987). 
1.2.5.5 	Processing enzymes 
As mentioned earlier, the import of a number of mitochondrial proteins is 
accompanied by proteolytic removal of the targeting sequence. In some cases, 
particularly proteins targeted to the face of the TM which is exposed to the 
IMS, processing is a two-step process. The first (or only) processing event 
26 
during import is mediated by a metalloprotease activity present within the 
mitochondrial matrix. This enzyme was first found in yeast mitochondria 
(Bohni et al 1980, McAda and Douglas 1982), and later identified in the 
mitochondrial matrix of N. crassa (Schmidt et al 1984). The M. crassa enzyme 
has been purified, and shown to consist of two proteins, the matrix processing 
peptidase (MPP, 57kDal) and a processing enhancing protein (PEP, 52kDal) 
(Hawklitschek et al 1988). -MPP is a soluble protein with low processing 
activity whereas PEP, which is 15x more abundant than MPP, is partially 
associated with the inner membrane. PEP has no processing activity on its 
own, and for high proteolyic activity the two proteins must both be present. 
Cleavage by the matrix protease of hybrid proteins is probably determined by 
the secondary structure at the amino terminus of the precursor. There is no 
consensus sequence around cleavage sites, and sequences both at the amino 
terminus of presequences (Hurt et al 1987) and distal to the processing site 
(Vassarotti et al 1987) have been shown to be essential for correct processing. 
The enzymatic activity responsible for the second processing event of 
precursors cleaved in two steps has not been purified. It is presumed to exist 
in the IMS, since proteins located in or facing the IMS are predominant 
amongst those processed by this enzyme. 
Some proteins are imported without processing (e.g. ANT), and also inhibition 
of the matrix metalloprotease with o-phenanthroline (a chelator of metal ions) 
does not prevent import of yeast proteins synthesised as higher molecular 
weight precursors in vitro (Zwizinski and Neupert 1983), implying that 
processing is not a prerequisite for completion of import. 
1.3 Plants and mitochondrial targeting 
Plant mitochondria exhibit a number of features, both in their stucture and in 
their biochemistry, which are not shared by mitochondria from other 
eukaryotes. Also, plant mitochondrial activity is highly regulated by a range 
of environmental and developmental stimuli, but little is known of the nature 
of the factors involved in this regulation. It is not even clear when in the life 
cycle mitochondrial biogenesis occurs. 
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1.3.1 Unique features of plant mitochondria 
1.3.1.1 Coding capacity and structure of mitochondrial DNA (mt DNA) 
Plant mitochondrial genomes vary in size (218-2400 kb) and structure, even 
between closely related species (Ward et al 1981). These genomes exist as 
multipartite structures, owing to the generation of sub-genomic circular DNA 
molecules through recombination across repeated DNA sequences. 
As mentioned in section 11.1, the coding capacity of plant mitochondrial 
DNA is not identical to that of mitochondrial genomes of other eukaryotes. 
The a subunit of the F1-ATPase is encoded by a mitochondrial gene in plants 
(Isaac et al 1985), whereas it is nuclear encoded in other eukaryotes, and the 
mitochondrially encoded 5S rRNA gene is unique to plants. Schuster and 
Brennicke (1987) have reported the presence in Oenothera mitochondrial 
DNA of an open reading frame with homology to reverse transcriptase, 
implying that other, as yet unidentified, plant mitochondrial genes without 
homologues in the mitochondrial genomes of fungi and animals may exist. 
However, the extent and significance of these differences are not yet clear. 
1.3.1.2 	Biochemistry of plant mitochondria 
Among the interesting and unique biochemical features of plant mitochondria 
are: 
a) The presence of a cyanide-insensitive pathway of mitochondrial respiration, 
which has now been shown to be active in a number of plants. Some fungi and 
green algae also have a cyanide-insensitive pathway of mitochondrial 
respiration, but the functional significance of the alternative pathway is best 
understood in thermogenic higher plants, such as members of the Araceae 
(Lance et al 1985). In these plants, heat generated by electron flow through the 
alternative pathway serves to volatise insect attractants, facilitating 
pollination. The reason that heat is generated is that the terminal oxidase of 
the alternative respiratory pathway (the 'alternative oxidase') bypasses two of 
the three sites for coupling electron transport to phosphorylation. Therefore, 
energy is not conserved, and is dissipated as heat. Elthon and McIntosh (1987) 
have purified the polypeptide constituents of the alternative oxidase from the 
thermogenic spadix of voodoo lillies (Sauromatum guttatum). This is the 
first report of purification of components of the alternative pathway, whose 
detailed structure and function remains to be resolved. In light of the fact that 
an alternative pathway is detectable in other non-thermogenic plants, fungi 
and algae, heat generation is almost certainly only one of a number of roles of 
the alternative pathway. Other suggested roles include respiration to rid the 
plant of excess carbohydrate and to relieve inhibition of the generation of 
biosynthetic intermediates via the TCA cycle when the cellular energy charge 
is high (Lambers 1985). 
The role of the mitochondrion in photorespiration of glycolate produced 
during photosynthesis. Glycolate, which is synthesised as a by-product during 
photosynthesis, due to the oxygenase activity of Ribulose bisphosphate 
carboxylase (RUBISCO) is respired via the photorespiratory pathway, which 
includes the mitochondrial matrix enzymes glycine decarboxylase and serine 
hydroxymethyl transferase. The synthesis of these two enzymes appears to be 
light regulated, and they accumulate in mitochondria of the 
photosynthetically active cells of green leaves, at a time of active chloroplast 
biogenesis. This highlights the fact that mitochondria are not solely involved 
in energy generation, but also serve other roles. 
NADH oxidation. Plants appear to have a more flexible system than other 
eukaryotes for mitochondrial oxidation of NADH. Besides complex I of the 
electron transport chain and the outer membrane NADH dehydrogenase 
(which is not linked to oxygen consumption) they also have an inner 
membrane NADH dehydrogenase capable of the direct oxidation of 
cytoplasmic NADH (e.g. from glycolysis) and a rotenone-insensitive 
dehydrogenase for oxidation of mitochondrial NADH. These activities, in 
conjunction with various transport mechanisms allow the plant 
mitochondrion a high degree of flexibility in the transport of reducing 
equivalents to and from the cytoplasm. 
Carbon fixation. C4 and Crassulacean Acid Metabolism (CAM) plants 
accumulate malate when they fix atmospheric CO2. The malate is 
subsequently decarboxylated to free CO2 for photosynthetic assimilation. 
Some C4 and CAM plants use NAD-linked Malic Enzyme (NAD-ME), a 
mitochondrial matrix enzyme, as the major means of decarboxylating the 
malate. NAD-ME is a general feature of plant mitochondria and may perform 
other additional functions. It is not widely found in the mitochondria of other 
eukaryotes. 
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This list of biochemical features of plant mitochondria is far from exhaustive 
but serves to demonstrate their unique biochemical nature. A more 
comprehensive review is given by Douce and Neuburger (1987). 
1.3.1.3 	Developmental regulation of mitochondrial biogenesis and 
activity. 
Several plant developmental transitions are accompanied by significant 
changes in the level of mitochondrial respiration in response to the changing 
energy requirements of the plant. Examples are flowering, fruit ripening, 
wounding, senescence, seed development and early seedling growth 
following germination. The transition from heterotrophy to autotrophy during 
early seedling development is a system of particular interest. During seed 
hydration, the earliest stage of germination, active mitochondria must be 
biosynthesised to allow energy generation by respiration of stored 
carbohydrate. In pea (Pisum sativum), this activation can procede in the 
absence of protein synthesis, suggesting that mitochondria are being 
assembled from pre-existing components sequestered in the seed during seed 
development (Matsuoka and Asahi 1983), but in other species e.g. Arachis 
hypogea (peanut) de novo protein synthesis during hydration is indispensible 
(Morohashi et al 1981). During seedling growth, as functional chioroplasts are 
biosynthesised, so dependence on mitochondrial respiration for ATP 
decreases, and mitochondrial biogenesis is repressed. The molecular basis of 
such repression is unclear and an understanding of how plant mitochondria 
import proteins will help resolve this problem. It is possible that competence 
of mitochondria to import proteins, either in general or in specific, is central to 
the signalling between mitochondria and nucleus which governs this 
bioenergetical transition. 
It is not only mitochondrial activity as measured by respiration rates that is 
subject to developmental regulation. The mitochondrion is also involved in 
other biochemical activities, some of which are developmentally regulated. 
Examples include induction of the alternative respiratory pathway in 
thermogenic plants, and light regulation of photorespiratory enzymes, both of 
which are discussed in more detail above. 
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1.3.1.4 	Cytoplasmic male sterility (cms) 
CMS is a maternally inherited trait phenotypically recognised by an inability 
to produce or shed viable pollen (Leaver and Gray 1982, Levings and Dewey 
1987 for reviews). A wide range of plant species exhibit this trait, including a 
number of major crop species. On a molecular basis, cms is characterised by 
alterations in the arrangement and transcription patterns of mitochondrial 
DNA, and by the synthesis of variant polypeptides by the mitochondrion. 
Fertility can be restored to cms lines by the introduction into the nuclear 
background of specific Restorer (Rf) genes. 
The molecular basis of cms and restoration to fertility is unclear. Whilst it is 
well established that the mitochondrial alterations are closely correlated with 
cms, no causal link between the variant polypeptides and the mutant 
phenotype has been demonstrated. These variant polypeptides are present 
during stages of development when the mutation is not phenotypically 
expressed, and possibly any deleterious effects they exert are only significant 
at the high levels of respiration required during pollen development 
(microsporogenesis). 
Restorer genes probably encode proteins which are imported into 
mitochondria. A restorer gene specific to T-type cms, which is characterised 
by synthesis of a 13kDal variant mitochondrial polypeptide, has been shown 
to influence expression of this variant polypeptide by affecting the processing 
of its mRNA (Dewey et al 1987). 
1.3.1.5 	Chioroplast biogenesis 
Chloroplast biogenesis has many features in common with mitochondrial 
biogenesis. Chloroplasts contain their own genome which is replicated and 
expressed within the organelle, and encodes chioroplast RNAs and proteins. 
Most chioroplast proteins are encoded in the nucleus, synthesised in the 
cytoplasm and imported post- trans lationally (Cashmore et al, 1985 for 
review). 
All imported chioroplast proteins identified to date are synthesised with 
cleavable signal sequences. Processing activity has been located in the soluble 
stroma, and the purified enzyme will specifically process precursors to 
chioroplast proteins in vitro. 
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Proteinaceous receptors, sensitive to protease treatment, have been identified 
on the chioroplast outer envelope. Pain et al (1988) located these receptors by 
the following approach. They raised antibodies against a synthetic peptide 
corresponding to a 30 amino acid portion of the presequence of the small 
subunit (SSU) of Ribulose bisphosphate carboxylase (RUBISCO), and then, 
arguing that some of these antibodies may bind the presequence in a way that 
mimics interaction between the presequence and the putative receptor protein, 
they raised antibodies against these 'receptor-like' antibodies (anti-idiotypic 
antibodies), and these were found to immunoprecipitate a 30kDal chloroplast 
outer envelope protein. Immuno-gold labelling revealed that this 30kDal 
protein was principally located at regions where the two envelope membranes 
were in close proximity to each other, similar to the translocation contact sites 
reported for mitochondria (Schleyer and Neupert 1985). 
Chioroplast protein presequences show no significant homology to each other 
at the level of primary amino acid sequence, but they are all rich in basic 
amino acids. They can direct foreign proteins to the chioroplast in transgenic 
plants in vivo (Schreier et al 1985). 
One notable difference between mitochondria and chioroplasts is the existence 
in chloroplasts of a third membrane system, the thylakoid, which encloses the 
lumen, a third soluble compartment. The thylakoid membrane system is 
spatially separated from the two envelope membranes, and is surrounded by 
the stroma which contains processing activity. Proteins targeted to the 
thylakoid membrane or to the lumen must first enter the stroma and then 
cross this soluble phase to reach their correct final destination. Plastocyanin, a 
thylakoid lumen protein which is processed in at least two steps during 
import, has been shown to exist in the stroma as a intermediate form, between 
the precursor and mature forms in size (Hageman et al. 1986). The stromal 
processing activity is not responsible for the second processing event, which is 
presumably mediated by a second protease within the thylakoids. This second 
processing activity will not cleave the cytoplasmically synthesised precursor, 
implying that the initial stromal processing event is a prerequisite for 
subsequent targeting to the thylakoid lumen. This import mechanism is 
analogous to that of the Neurospora mitochondrial Fe/S protein which is 
apparently 'retargeted' to the inner membrane after processing in the matrix. 
However, the cytoplasmically synthesised precursor to the Light Harvesting 
Complex Protein (preLHCP) can, in common with a number of thylakoid 
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proteins, insert into thylakoid membranes i n yjjKp, given the presence of a 
stromal extract and ATP, without being processed. This does not reflect the in 
vivo situation, where any LHCP found associated with the thylakoids is the 
mature form, but does imply that processing is not a prerequisite for targeting 
from the stroma to the thylakoids in this instance (Cline 1986). 
Chioroplast presequences contain information for intraorganellar sorting. A 
hybrid protein consisting of the presequence of the stromal enzyme ferrodoxin 
fused to the mature sequence of plastocyanin (a thylakoid lumen protein) is 
directed to the stroma in an in vitro import system, whereas the converse 
construction with the plastocyanin presequence fused to the ferredoxin 
mature sequence is processed in the stroma and targeted to the thylakoid 
membrane, where its progress is halted (Smeekins et al 1986). 
ATP hydrolysis is required for import but not for specific binding of 
precursors to receptors. Membrane potential does not appear to be necessary 
for import (Cline et al 1985). 
The similarities between import into mitochondria and chioroplasts is perhaps 
best exemplified by the fact that a chloroplast signal sequence can be active in 
yeast as a mitochondrial targeting signal. A construct consisting of the amino 
terminal 31 amino acids of Chlamydomonas reinhardii RUBISCO SSU 
presequence fused to mature yeast COX IV or mouse DHFR can import into 
yeast mitochondria. In vivo, the cox IV construct complements a mutant 
yeast strain with a disrupted endogenous cox IV gene, although growth of the 
transformed mutant was slow, and levels of cytochrome C oxidase were low 
compared to wild-type yeast, implying that this construct is imported at low 
efficiency (Hurt et al 1986). 
1.3.2 Protein import into plant mitochondria 
a) 	In vitro import 
Establishment of a reliable and efficient system for importing proteins into 
isolated plant mitochondria would allow analysis of the basic features of plant 
mitochondrial targeting sequences, comparison of plant mitochondrial and 
chioroplast import mechanisms, and an investigation of whether the ability of 
mitochondria to import proteins changes developmentally. It is yet to be seen 
to what extent plant presequences are similar to animal and fungal 
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presequences, and it will be of interest to see whether the plant sequences are 
programmed to avoid mis-targeting to the chioroplast. The presequence of the 
B subunit of F1-ATPase of.plumbaginifolia has been identified as being of 
the order of 90 amino acids long (Boutry et al 1987), which is considerably 
longer than its counterpart in yeast, and similarly the maize ANT protein, as 
predicted from the cDNA sequence, is larger than the homologous protein 
from fungal and bovine sources, having extra amino acids at its amino 
terminus, and this extension could play a role in targeting (Baker 1985). 
Development of a parallel in vitro import system for maize chioroplasts 
would allow direct comparisons of the abilities of these two types of organelle 
to accumulate organelle specific proteins. 
An investigation of relative in vitro 'competence to import' of mitochondria 
extracted from different tissues could contribute to increasing our 
understanding of how mitochondrial biogenesis is regulated in response to 
developmental and environmental stimuli. Whilst it must be remembered that 
different extraction procedures for different tissues might damage the 
mitochondria to varying extents, and that the cellular environment (e.g. levels 
of proteases) of mitochondria from different tissues may also have a bearing 
on the quality of purified mitochondria, it may be possible to correlate 
individual tissues with specific import profiles. For instance, during leaf 
development, does the ability of mitochondria to import specific proteins 
change? The levels of mitochondrial enzymes involved in photorespiration 
increase during leaf development and this could partly be due to import via 
specific receptors for these enzymes, whose synthesis and incorporation into 
mitochondria increase during leaf development. 
Another useful application of an in vitro import system would be to screen 
hybrid proteins designed for expression and targeting to mitochondria in 
transgenic plants. The ability of such proteins to be targeted to (and across) 
mitochondrial (or chioroplast) membranes could be simply tested in vitro 
before embarking on procedures necessary to obtain transgenic plants. 
b) 	In vivo 
The production of transgenic plants expressing authentic, mutated, or hybrid 
nuclear genes encoding mitochondrial proteins represents a system allowing 
in vivo analysis of import, and of the biochemical and phenotypic 
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consequences of controlled modification of mitochondrial function in the 
plant. Not only will this allow substantiation of in, vitro findings regarding 
requirements for specificity of mitochondrial/chioroplast targeting, but it will 
also enable mitochondrial function in the plant to be probed. One example of 
the usefuliness of such an approach concerns the connection between cms and 
variant polypeptides in the mitochondrion. If it could be shown that 
transformation of a fertile plant, in such a way that a variant polypeptide 
characteristic of cms was cytoplasmically synthesised and imported into 
mitochondria, induced a cms phenotype, then this would argue strongly in 
favour of a causal link between this variant polypeptide and the mutant 
phenotype. The best characterised variant polypeptide is the 13kDal protein of 
cms-T type maize mitochondria. This protein is made in the sterile plants from 
an open reading frame (ORF) identified in T.-type mitochondrial DNA (Dewey 
et al 1986 and 1987). Introduction of a specific restorer gene reduces synthesis 
of the 13kDal polypeptide by affecting mRNA processing. To tailor this gene 
for import it must be given a mitochondrial targeting sequence and mutated to 
allow 'reading' by the 'universal' (as opposed to mitochondrial) genetic code. 
In yeast, the mitochondrial gene encoding subunit 8 of the F0-ATPase has 
been mutated in such a way, allowing cytoplasmic synthesis and targeting to 
the organelle (Gearing and Nagley 1986). 
Authentic genes for mitochondrial proteins, under control of their own 
promoters could be introduced into plants to investigate the effect of gene 
copy number on mitochondrial composition and function. The effect of 
introducing such genes under, for example, light-regulated promoters could 
also be monitored. Would such proteins accumulate in mitochondria during 
greening, or is import machinery limiting in these conditions? Clearly, the 
development of in vitro and in vivo plant mitochondrial (and chioroplast) 
import systems opens up a wide range of possibilities for investigating the 
unique nature of plant mitochondrial function and biogenesis. 
1.4 Summary 
This chapter has combined a review of our extensive knowledge of 
mitochondrial biogenesis in fungal systems with an outline of current 
knowledge of plant mitochondrial function and biogenesis in the context of 
the developing plant. Though the fungal studies have supplied, and will 
continue to supply, information on mitochondrial biogenesis, the whole story 
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regarding plants will only be obtained by investigating the plants themselves. 
Plant mitochondria are unique with regard to their molecular biology, 
biochemistry, and cellular environment, and although the molecular basis of 
their biogenesis and how this is controlled is poorly understood, an in vitro 
import system, combined with the ability to generate transgenic plants, will 
help elucidate the mechanisms involved. 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 General materials 
2.1.1 Seed 
Zea Mays L. seed, genotype 3541, fertile (N-type) cytoplasm was supplied by 
Pioneer Hi-bred International, Des Moines, USA 
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2.1.5 Enzymes 
Restriction endonucleases were purchased from Boehringer Mannheim, 
Pharmacia, BRL, NBL, and Amersham International plc. 
Kienow fragment of E. çij DNA Polymer ase 1 (BRL) 
T4 DNA Ligase 	(Boehringer Mannheim) 
Alkaline phosphatase (Amersham International plc.) 
Human placental RNAse inhibitor (Pharmacia) 










2.1.7 Fluorography and autoradiography 








[a-32P]dCTP I1OTBq/mmol (Amersham International plc) 
[L-35S]methionine 30TBq/ mmol 	(Amersham International plc) 
[(x-32P]IJTP 11OTBq/mmol (Amersham International plc) 
2.1.9 Miscellaneous 
Hybond-N nylon membrane (Amersham International plc) 
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Hybond-C nitrocellulose membranAmersham International plc) 
DEAE membrane 	(Schleicher and Schuell) 
Herring sperm DNA 	(Serva, Heidelberg) 
Agarose (ultra-pure electrophoresis grade) 	(BRL) 
Valinomycin 	 (Sigma Chemical Co. Ltd.) 
o-phenanthroiine 	(Sigma Chemical Co. Ltd.) 
X-GAL 	 (NBL) 
IPTG 	 (NBL) 
Rabbit reticulocyte iysate(Amersham International plc) 
2.2 Media and solutions 
L-Broth 	 log/i Difco Bactotryptone, 5g/l Difco Bacto 
yeast extract, log/i NaCl pH7.2 
LB Agar 	 L-Broth plus 15g/i Difco Bacto agar 
BBL top agar 	log/i BBL trypticase, 5g/l NaCl, 6.5g/i Difco 
Bacto agar 
Top agarose 	 log/i Difco Bacto tryptone, 5g/l NaCl, 7g/l 
agarose 
Minimal plates 	15g/1 Difco Bacto agar, 2g/i (NH4)2SO4, 14g/l 
K2HPO4, 6g/i KH2PO4, lg/l Sodium Citrate, 
0.2 g/l MgSO4, 0.2% w/v glucose, 1mg/i 
Thiamine hydrochloride. 
20xSSC 	 3M NaCl, 03M Sodium Citrate pH7.0 
1OxTBE 	 890mM Tris, 890mM boric acid, 25mM EDTA 
pH8.3 
IOxTAE 	 400mM Tris, 20mM EDTA, 200mM Sodium 
Acetate pH8.0 
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DNA (Southern) denaturing solution 0.5M NaOH, 15M NaCl 
Neutralising solution 0.5M TrisHCl, 3M NaCl pH7.0 
lOx MOPS 	 250mM MOPS, 50mM Sodium acetate, 10mM 
EDTA pH7.0 
lOOx Denhardt's solution 2% (w/v) Ficoll, 2% (w/v) BSA, 2% 
(w/v) polyvinyl pyrolidine 
lOx Laemmli electrophoresis buffer 0.25M Tris, 1.92M glycine 
Coomassie stain 	45% (v/v) methanol, 7.5% (vlv) glacial acetic 
acid, 0.1% (w/v) Coomassie brilliant blue 
Destain 	 45% (v/v) methanol, 7.5% (v/v) glacial acetic 
acid 
3x protein sample buffer 	0.2mg/ml glycerol, 3% (w/v)SDS, 
0.015% (w/v) bromophenol blue, 0.18M 
TrisHCl pH 6.8 
Restriction endonuclease digestion and ligation buffers: 
lOx high 	 1M NaCl, 0.5M TrisHCl pH7.5, 0.1M MgCl2, 
10mM DTT 
lOx medium 	 0.5M NaCl, 0.5M TrisHCl pH7.5, 0-IM M902, 
10mM DTT 
lOx low 	 0.5M TrisHCl pH7.5, 0.1M MgC12, 10mM DTT 
lOx Sma I 	 0.2M KC1, 0.IM TrisHCl pH8.0, 0-IM MgCl2, 
10mM DTT 




2.3.1 Centrifugation equipement 
Sorvall RC-5B centrifuges were used in conjunction with Sorvall GSA rotors 
(250m1 bottles, lOOmi tubes) or Sorvall SS-34 rotors (50m1 tubes, 30m1 or 15m1 
Corex tubes) for isolation of plasmid DNA, ?. DNA, maize nuclear DNA, 
maize mitochondria, and for the preparation of * competent cells. 
Sorvall OTD65B ultracentrifuges were used in conjunction with a Beckman 
70.1 Ti rotor and Beckman heat-sealed tubes for CsC1 density gradients. 
MSE Superspeed 65 centrifuges were used in conjunction with an MSE 6x14 
swing-out rotor and 14m1 polycarbonate tubes for purification of ?. DNA on 
CsC1 step gradients. 
Eppendorf or MSE Micro Centaur microcentrifuges were used in conjunction 
with Treff 1.5m1 microcentrifuge tubes for all manipulations involving 
purified DNA, RNA and protein. 
A BTL bench centrifuge was used for the desalting of radiolabelled DNA. 
A Beckman benchtop TL 100 ultracentrifuge was used in conjunction with a 
Beckman TLA 100.2 rotor and lml thick-walled polycarbonate tubes for the 
preparation of a mitochondrial matrix extract. 
2.3.2 DNA restriction endonuclease digestions 
DNA was digested with restriction endonucleases in volumes of up to 50d, at 
concentrations no higher than 100tg DNA/ml. Salt buffers used were lOx 
high salt, lOx medium salt, lOx low salt or lOx Sma 1 salts, in accordance with 
Maniatis et al 1982. Enzyme was included at 1-5 units/pg DNA. Incubations 
were for 1-2 hours at 37 0C unless otherwise specified by the enzyme 
manufacturer. 
2.3.3 DNA gel electrophoresis 
Flat-bed agarose slab gels were used throughout. Agarose concentrations were 
0.8%-1.2%. Gels were either 5x7 cm or 12x16 cm, and 5mm in depth. Buffers 
were 1xTBE or 1xTAE. Gels were run at 5-50 mA, using bromophenol blue 
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dye as a migration indicator, and were stained in 5.Lg/ml ethidium bromide 
for 30-60 minutes once the bromophenol blue had migrated to the end of the 
gel DNA bands in the gels were visualised and photographed using 
ultraviolet light produced by a TM15 transilluminator (peak wavelength 302 
nm, intensity at surface of source 8000 tW/cm 2) (UltraViolet Products Ltd.). 
Hind Ill digested X. DNA, and 1 digested pBR 322 DNA were used as size 
markers for DNA electrophoresis. 
2.3.4 DNA fragment purification 
DNA restriction endonuclease digestion fragments were separated by 
electrophoresis and visualised by ethidium bromide staining. Strips of DEAE 
membrane were inserted into cuts made in the gel just ahead of, and just 
behind, the band of interest. Further electrophoresis transfered this band onto 
one strip of membrane. The second strip of membrane 'protects' the fragment 
of interest from contamination. The DNA was recovered from the membrane 
in 10mM TrisHCl, 1mM EDTA, 1.5M NaC1 pH 8.0 at 65°C for 15 minutes, 
phenol extracted, and precipitated with 2.5 volumes of ethanol at -20 0C for 
one hour. 
2.3.5 DNA (Southern) blotting 
Gels were immersed in DNA (Southern) denaturing solution for 45 minutes, 
washed briefly in water, and then immersed in neutralising solution for 45 
minutes. Transfer of DNA to Hybond-N membranes was essentially as 
described by Southern (1975). 20x SSC was used as transfer buffer. Filters were 
air-dried and the DNA was fixed to the nylon membrane by ultraviolet 
irradiation (302 nm peak wavelength, 8000iW/cm 2 intensity) for 2-5 minutes, 
and the membranes were then stored at 4°C or used immediately. 
2.3.6 Radiolabelling of DNA 
a) 	Nick-translation 
Double standed DNA was radiolabelled as described by Maniatis et al (1982). 
30.tl incubations included 0.37MBq [a-32P]dCTP and 0.5-1.0 p.g DNA. Using 
this technique, DNA was typically radiolabelled to a specific activity of 5x10 7-
2x108 cpm/ pg DNA. 
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Random priming 
High specific activities (up to 5x10 8 cpm/J.Lg DNA) could be obtained using 
the method of Feinberg and Vogeistein (1984). Using this protocol DNA 
fragments in low-melting-point agarose gel slices could be labelled without 
any prior purification. Purified DNA was also labelled by this method as an 
alternative to nick-translation. 
Removal of unincorporated nucleotides from radiolabelled DNA. 
Desalting columns were prepared by filling imi plastic syringes with 
Sephadex G50 beads (in 1xTE) over a glass wool bung. Excess TE was 
removed by centrifugation at 2500 rpm for 90 seconds in a BTL bench 
centrifuge, and then the probe mixture was loaded onto the column, and 
incorporated DNA was recovered during a 150 second centrifugation at 3000 
rpm. 
2.3.7 Mapping of DNA fragments generated with restriction 
endonucleases. 
The method of Smith and Birnsteil (1976), as described by Maniatis et al 
(1982), was used to directly map DNA. pBR 322 DNA (lp.g/unit enzyme) was 
used as carrier DNA. Samples were fractionated by electrophoresis through 
vertical 6% polyacrylamide gels. 
2.3.8 Cloning 
a) 	Ligations 
10t1 ligation reactions were incubated at 4°C overnight. 2-5 units of T4 DNA 
ligase were included in a typical reaction. Vector DNA was typically included 
at 100-200 ng for staggered-end ligations, whilst for blunt-end ligations higher 
amounts (up to 1.tg) were found to be necessary. The amount of target DNA 
added was calculated (or estimated) to give a ratio of vector DNA termini: 
target DNA termini of 1:3 for staggered-end ligations or 1:1 for blunt-end 
ligations. 
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b) 	M13 transformations 
Competent cells: 
A sterile 5m1 bottle of L Broth was inocculated with a single colony of E. çij 
JM101 and grown in a G24 Environmental Incubator Shaker (New Brunswick 
Scientific) at 37°C overnight. 1 ml of this culture was then diluted into lOOml 
of L-Broth and grown at 37 0C with shaking to an 0D600 of 0.2-0.4. The cells 
were then chilled on ice, pelleted at 2500 rpm for 5 minutes at 4°C using a 
Sorvall RC 5B centrifuge, resuspended in 50m1 of 0.1M CaC12, chilled on ice 
for 20 minutes, repelleted and resuspended in a final volume of 2mls 0.1M 
CaCl2. The cells were kept on ice for 1-4 hours before use. 
Plating cells: 
A 1:100 dilution of a JM10I overnight culture, grown at 37 0C with shaking for 
1 hour immediately prior to use. 
Transformation and plating: 
100d aliquots of competent cells were mixed with various quantities of ligated 
DNA (from 1tl of a 10-fold dilution of a ligation reaction to 2p.l of undiluted 
ligation) and incubated at 4°C for 30 minutes, then heat shocked at 37°C for 5 
minutes and returned to ice. 100il of plating cells, 30ji.1 of XGa1 (20 mg/ml in 
DMF), 20 .tl of IPTG (24mg/mi in DMF) were added and the mixture was 
plated in 3m1 molten BBL top agar onto dry minimal plates. Once set, the 
plates were incubated overnight at 37°C to allow plaques to develop on the 
growing bacterial lawn. Recombinant M13 clones were identified by their 
inability to make L-galactosidase, whose presence in plaques is marked by its 
involvement in the breakdown of XGai to a blue dye. 
c) 	Plasmid transformations 
Competent cells (E coli HB101) were made and transformed as for M13 
transformations. If recombinants were to be selected on plates containing the 
antibiotic ampiciilin (Amp), the resistance genes were activated following heat 
shock by addition of Imi L-Broth and incubation at 37°C for lhour. Then 
aliquots of up to 200j.d were spread directly onto dry LB agar plates containing 
50 p.g/ml Amp. 
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For pUC 9 transformations, E. coil JM101 were used and XGal and IPTG 
included, as in M13 cloning, -to provide a selection for recombinants. 
Small scale preparation of plasmid DNA 
Plasmid 'mini-preps' were based upon the alkaline/SDS method of Birnboim 
and Doly (1978). Cells from a 5m1 overnight culture were pelleted by 
centrifugation at 2500rpm using a Sorvall RC 5B centrifuge, and resuspended 
in lOOp.l ice-cold lysis buffer (25mM Tris-HC1 pH 8.0, 10mM EDTA, 50mM 
glucose, 2mg/mi lysozyme), transfered to a Treff microcentrifuge tube, and 
incubated at room temperature for 5 minutes. 200p.l of ice-cold 0.2M 
NaOH/1% (w/v) SDS was added, and the contents of the tube were mixed by 
inversion and left on ice for 5 minutes. 150 p1 of Sodium acetate pH5.0 (3M 
Sodium, SM acetate) was added, contents mixed by inversion and left on ice 
for 5 minutes. The tubes were centrifuged in an Eppendorf centrifuge for 10 
minutes at 40C, and the supernatant recovered, phenol extracted, and ethanol 
precipitated. Yields were typically 5-10 p.g plasmid DNA. 
Large scale preparation of plasmid DNA 
The lysozyme/triton method of Katz et al (1973) was used. 500m1 cultures 
were grown by incubation with shaking at 37°C to 0D600 of 1.0, and amplified 
by addition of chloramphenicol (150p.g/ml) and continued growth with 
shaking at 370C overnight. DNA was purified in caesium chloride density 
gradients, as described by Radloff et al (1967). 
2.3.9 Lambda library screening. 
a) 	Description of the library. 
The library used, which was a kind gift from S.Schwartz-Sommer (Max Plank 
Institute, Koln), consisted of cDNA prepared from poly-A+ RNA extracted 
from the endosperm of 60 hour dark grown maize, cloned into the Eco RI site 
of XNM1I49, using Eco RI linkers. 
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Plating cells 
A 5m1 bottle of Li-Broth was inocculated with a single bacterial colony. Cells 
were grown at 37°C with shaking overnight, and then diluted 1:20 into fresh 
L-Broth. This culture was grown for a further 3 hours at 37 0C, and the cells 
were then pelleted at 2500 rpm for 5 minutes, and resuspended for use in 1/2 
volume of 10mM MgSO4. 
,Screening the library. 
'Phage were adsorbed to freshly made plating cells at 30°C for 20 minutes and 
plated in molten BBL top agar containing 10mM MgSO4 onto dry LB agar 
plates. 'Phage were plated at a density of 70 pfu/cm 2, and top agar was used 
at a density of 50 tl/cm 2 . Plates were incubated at 37°C for 8 hours. 
Nitrocellulose copies of the library were made as described by Benton and 
Davis (1977), and hybridised to probe, which had been denatured by heating 
to 950C for 5 minutes and quenched on ice, at 65°C in hybridisation buffer 
(4xSSC, 10xDenhardts, 0.1% (w/v) SDS, 100 j.tg/ml denatured herring sperm 
DNA) for 12 hours, washed for 2x30 minutes at 65 0C in 2xSSC, 0.1% (w/v) 
SDS, and exposed to X-ray film for 7 days at -80°C. 
Putative hybridization positives were identified, and the corresponding 
regions of the bacterial lawn were excised into lml of 10mM MgSO4, replated 
at a density of about 3-4 plaque/cm 2, and rescreened to identify single 
hybridizing plaques, which were excised into lml of 10mM MgSO4. 
Small scale preparation of ?. DNA. 
Purified 'phage suspensions were plated on wet L-Broth plates and grown at 
37°C to give a lawn of confluent lysis. 'Phage were eluted from the lawn into 
5m1 of L-Broth supplemented with MgSO4 to 10 mM by gentle shaking at 
room temperature for 2 hours. The lysate was cleared by centrifugation at 
8000g, 4°C, 10 minutes, using a Sorvall RC 5B centrifuge, and treated with 
RNase A and DNasel (1pg/ml each) at 37 0C for 1 hour. 'Phage were 
precipitated by incubation at 2°C for 1 hour in 5m1 of 20% (w/v) PEG6000, 2M 
NaCl, 10mM MgSO4, and pelleted at 10,000g for 20 minutes at 4°C. The pellet 
was resuspended in a small volume of 10 MM  MgSO4, SDS and EDTA were 
added to 0.1% (w/v) and 5 mM respectively, and the sample was heated to 
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68°C for 15 minutes. Phenol extraction and ethanol precipitation typically 
yielded 5-10 p.g of DNA. 
e) 	Large scale preparation of ?. DNA. 
Lysates were prepared from confluent plates as described above and titred by 
adsorbing 1il aliquots of a set of serial dilutions (10 1_10 8) of the lysate to 
200p1 aliquots of plating cells. This allowed the concentration of pfus in the 
lysate to be estimated, and lysate was added to a multiplicity of infection 
(moi) of 0.2 pfu/cell to a lOOmi culture of host cells grown to an 0D600 of 0.5 
from a diluted overnight culture. This culture was then grown with vigorous 
shaking at 370C until the cells lysed. Cellular debris was removed during a 10 
minute centrifugation at 10,000g. and NaCl was added to the supernatant to 
0.04g/ml. DNase 1 and RNase A were added to 1.ig/ml each and samples 
were incubated at room temperature for 1 hour. 'Phage were precipitated by 
addition of solid PEG6000 to 0.1g/ml and incubation at 4°C overnight with 
gentle shaking, isolated by centrifugation at 10,000g for 10 minutes at 4 0C in a 
Sorvall RC 5B centrifuge, and resuspended in 8m1 of 10 MM MgSO4. The 
suspension was clarified (5 minutes, 4000g), loaded onto a 31%/45%/56% 
(w/w) step gradient of CsC1 in 10 MM  MgSO4, and centrifuged at 35,000 rpm 
for 2 hours in an MSE Superspeed centrifuge with an MSE 6 x 14 swing-out 
rotor. The 'phage band at the interface between the 31% and 45% CsC1 
solutions was removed, dialysed against 10 mM Tris-HC1 pH 8.0, 1 mM 
EDTA, phenol extracted and redialysed to yield several mgs of pure DNA. 
2.3.10 Genomic DNA blots 
Seedling growth 
bOg Zea mays L. 3541 seed were surface sterilised for 30 minutes in a 1:15 
dilution of Sodium Hypochlorite stock and imbibed in running tap water for 6 
hours prior to being germinated on saturated cellulose wadding for 60 hours 
at 280C in complete darkness. 
Nuclear DNA extraction 
Coleoptiles were harvested into liquid nitrogen, ground in a pestle and 
mortar, and weighed. All the subsequent steps were carried out at 4°C. 
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Chopping buffer (20mg/mi Ficoil 400, 20mg/mi Dextran T40, 25% (w/v) 
sucrose, 20 mM Tris-HO p1-17.8, 10 MM M902, 10 mM 9-mercaptoethano1) 
was added to 2m1 per gramme fresh weight (gfw) to make a slurry which was 
passed through 20jim nylon mesh and then centrifuged using an SS34 rotor in 
a Sorvall RC 5B centrifuge at 900g for 4 minutes. The pellet was resuspended 
in 1mg/mi TM134 buffer (0.4 M Sucrose, 50 mM Tris-HC1 pH8.0, 10 mM 
M902, 10 mM 9-mercaptoethano1) and Triton X-100 was added to 0.1% (v/v). 
This extract was recentrifuged at 900g for 6 minutes, resuspended in a small 
volume of TM84 and layered over a step gradient of TM96 (0.6 M Sucrose) 
and TM918 (1.8 M Sucrose). This gradient was centrifuged at 1000g in a 
Sorvall RC 5B centrifuge using an HB 4 swing-out rotor for 15 minutes to 
pellet the nuclei, which were resuspended in TM24 + 0.1% (v/v) Triton X-100, 
phenol extracted, and ethanol precipitated to yield high molecular weight 
nuclear DNA, with a typical yield being 5mg DNA per 100 grammes seed. 
DNA digestion with restriction endonucleases 
10 p.g aliquots of DNA were digested with 100 units of restriction 
endonuclease in 200 jtl of the appropriate buffer for 12 hours. DNA fragments 
were concentrated by ethanol precipitation, and separated by agarose gel 
electrophoresis. 
Blotting of DNA to nylon membrane 
Gel blotting was as described in section 2.3.5. 
Hybridizations 
Genomic Southern blots were prehybridized at 42°C in the following buffer: 
50% (v/v) formamide, 1M NaCl, 50 mM Pipes pH7.0, 0.5% (w/v) sarkosyl, 
5xDenhardts, 10 mM EDTA, 20p.g/ml yeast tRNA, 500p.g/ml denatured, 
sonicated herring sperm DNA. For hybridization, fresh buffer was 
supplemented with 10% (w/v) Dextran sulphate, and probe, denatured by 
heating to 950C for 5 minutes and quenching on ice, was added. Hybridization 
was for 48 hours at 42°C. Washes were 3x in 2xSSC, 0.1% (w/v) sarkosyl, 10 
minutes at 420C. The filter was then air-dried and exposed to X-ray film at - 
80°C. 
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2.3.11 Nucleotide sequencing of DNA 
Identification of clones of interest. 
M13 clones were generated and plated as described in section 2.3.8. 
Nitrocellulose copies of the plaques were generated as described by Maniatis 
et al (1982), and screened by hybridization to the appropriate probe. Positive 
plaques were replated to purify from contaminating non-recombinant M13 
prior to preparation of single stranded DNA. 
Preparation of single stranded M13 DNA. 
A 1:100 dilution of an overnight E. çij JM101 in L-Broth was grown with 
shaking at 37°C to an 0D600 of 0.2, inocculated with 'phage, and grown for a 
further 4 hours with vigorous shaking at 37°C. DNA was prepared from this 
culture as described by Messing (1983). 
Sequencing reactions and gels. 
The sequencing primer was 5'-TCCCAGTCACGACGT-3'. Sequencing 
reactions were by the Sanger dideoxy method (Sanger 1977,1980), using [a-
32P]-dCTP. Gels were 300x400x0.4 mm, 8% polyacrylamide (8% (w/v) 
acrylamide, 0.25% (w/v) bisacrylamide, 8M urea, 0.1% (w/v) ammonium 
persuiphate, 0.005% (v/v) TEMED in IxTBE), run at 65 Watts constant power 
for 2-6 hours. Gels were fixed in 10% (v/v) glacial acetic acid, and dried down 
on a Zabona (Basel) gel drier (high heat) for two hours prior to exposure to X-
ray film at room temperature for 12-60 hours. 
2.3.12 Synthesis of radiolabelled protein in vitro 
a) 	Transcription of pDS derived vectors. 
Vector DNA was stored in water at 1mg/mi. Capping reactions were 5p.g 
DNA in 10d of ixTranscription buffer (20mM Hepes-KOH pH7.9, 200mM 
Potassium Acetate, 10mM Magnesium Acetate, 200pM spermidine, 0.5mM 
GTP, 0.5mM CTP, 0.5mM UTP) with cap analogue included at 0.1mM, 30 
units of RNase inhibitor and 1-2 units of E. ççi'  RNA Polymerase, incubated 
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for 5 minutes at 37°C. Transcriptional elongation was at 37 0C for a further 10 
minutes after addition of ATP to 0.5mM. 
For the generation of radiolabelled transcripts, 0.5 p.1 of [a-32P]-UTP (0.06 
MBq) was included in the reaction. For analysis on gels, 2p.l aliquots of the 
transcription reactions were made to 50% (w/v) formamide, 6% (v/v) 
formaldehyde, lx MOPS buffer pH 7.0, heated at 65 0C for 5 minutes and 
quenched on ice. 1/4 volume of formaldehyde sample buffer (50% (v/v) 
formaldehyde, lmg/ml bromophenol blue) was added and samples were 
immediately loaded onto a gel of 1% (w/v) agarose, 17% (v/v) formaldehyde 
in lx MOPS buffer pH 7.0 (Lehrach et al 1977), and electrophoresed at 5-50 
mA until the bromophenol blue had migrated to the end of the gel. Gels of 
radioactively labelled transcripts were directly dried for one hour on a 
Zabrona gel drier (no heat) and exposed to X-ray film at -80°C. Gels of 
unlabelled transcripts were RNA (Northern) blotted to nylon membrane as 
described by Thomas (1980). Prehybridization was in 4xSSC, 0.1% (w/v) SDS, 
5x Denhardts, 50% (v/v) formamide, 100p.g/ml denatured, sonicated herring 
sperm DNA at 37°C overnight. Hybridization was under the same conditions, 
but with added heat-denatured probe. Washes were 2x 2xSSC, 0.1% (w/v) 
SDS at 42°C, 20 minutes each. The filters were then air-dried, and exposed to 
X-ray film at -80 0C. 
b) 	Rabbit reticulocyte lysate translation. 
Amersham message-dependent reticulocyte lysate was used according to 
manufacturers' recommendations. A typical incubation included 11 p.1 lysate, 
2p.l 35S-Methionine (0.37MBq), and 2p.l from the transcription reaction. 
Translations were at 30°C for 1 hour. 
C) 	Wheatgerm translation. 
The wheatgerm extract used was kindly supplied by Dr.B.Bathgate. 
Incubations of 50p.l included 2p.l of 35S-methionine (0.37MBq) and 2p.l from 
the transcription reaction in 20mM Hepes-KOH pH7.6, 1.2mM Magnesium 
Acetate, 50mM Potassium Acetate, 2mM DTT, 200p.M spermidine, 1mM ATP, 
40p.M GTP, 8mM creatine phosphate, 100p.g/ml creatine phosphate kinase. 
Each unlabelled amino acid (except methionine) was included at 50p.M. 
Incubations were for 1 hour at 25°C. 
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2.3.13 In vitro import of proteins into mitochondria 
a) 	Preparation of mitochondria 
Zea Mays L. 3541 seed were grown as described in section 2.3.10, except that 
growth was for only 36 hours. Coleoptiles were harvested and a crude 
mitochondrial pellet prepared by the method of Leaver et al (1983), with some 
modifications. All the following procedures were carried out at 4 0C, and all 
centrifugations were performed using an SS34 rotor in a Sorvall RC 5B 
centrifuge. Tissue was chilled to 40C and ground in a pestle and mortar in two 
volumes of grinding buffer (0.4M Mannitol, 1mM EGTA, 0.1 % (w/v) BSA, 
25mM MOPS, 8mM cysteine pH7.8),and filtered through 6 layers  of muslin 
cloth. The filtrate was centrifuged at 3000g for 3 minutes to remove cellular 
debris, and then mitochondria were pelleted at 10,000g for 15 minutes. This 
pellet was resuspended in 10 ml of wash buffer (0.4M Mannitol, 1mM EGTA, 
0.1% (w/v) BSA, 5mM MOPS pH7.5) using a teflon in glass homogeniser. The 
sample was then recentrifuged at 3000g for 3 minutes, and the supernatant 
centrifuged at 10,000g for 15 minutes to yield a washed mitochondrial pellet. 
This pellet was resuspended in a small volume of wash buffer and loaded 
onto a continuous gradient of 26% (v/v) Percoll in resuspending buffer (0.4M 
Mannitol, 1mM EGTA, 10mM Tricine pH 7.2) which was centrifuged at 
40,000g for 90 minutes. A buff coloured band of purified mitochondria is 
visible below a green band of mitochondria contaminated with plastids. This 
lower mitochondrial band was removed with a bent pasteur pipette, diluted in 
resuspending buffer and centrifuged at 10,000g for 15 minutes to pellet the 
pure mitochondria, which were taken up in resuspending buffer to ca. 
10mg/mi for use in import experiments. 
b) 	Import of proteins 
Freshly prepared mitochondria and translation products were used 
throughout. Import reactions included appoximately 200g of mitochondrial 
protein and 15 jfl of translation product in lysate in freshly prepared import 
buffer (0.4M Mannitol, 50mM Hepes-KOH pH 7.4, 50mM KC1, 1mM MgC12, 
1mM methionine, 1mM DTT, 5mM phosphoenol pyruvate, 10 units/ml 
pyruvate kinase, 1mM ATP, 5mM GTP). The final volume of each import 
reaction was 200d. Incubations were at 30°C for 1-30 minutes. To assay 
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import of proteins into intact mitochondria as measured by resistance to 
digestion by externally added proteinase-K, 10 ii of 5mg/mi proteinase K was 
added and the sample incubated at 2°C for 30 minutes. PMSF, an inhibitor of 
serine proteases, (stored in ethanol) was added to 1mM to inhibit the protease. 
Mitochondria were reisolated from the import reactions by layering the 
import reactions over a 0.6m1 ice-cold sucrose cushion (25% (w/v) sucrose, 
20mM Hepes-KOH pH 7.4, 2mM EDTA) and centrifugation at 4°C for 10 
minutes in an Eppendorf microcentrifuge, and resupended in a small volume 
of resuspension buffer. To investigate whether any resistance to proteinase-K 
was genuinely due to import into mitochondria, the organelles were lysed 
with Triton X-100 in the presence of proteinase-K. For the protease + Triton 
control, mitochondria were isolated from an import reaction as above, 
resuspended in resuspension buffer and treated with Proteinase K as above, 
except that Triton X-100 was also included, at 1% (v/v). Samples were kept at 
20C for 30 minutes, treated with PMSF, and processed for electrophoresis. 
c) 	Protein gels 
3x sample buffer was added to the samples in resuspension buffer,which were 
then heated to 95°C for 2 minutes and loaded onto the gels. 
10-14% (w / v) polyacrylamide / SDS gels (150:1 acrylamide: bisacrylamide, 
0.1% (w/v) ammonium persuiphate, 0.005% (v/v) TEMED) were 
electrophoresed at 5-50 mA until the bromophenol blue in the sample buffer 
had migrated to the bottom of the gel, stained in Coomassie stain with gentle 
shaking for 30 minutes, destained overnight (two changes) in destain solution, 
enhanced in a solution of 22% (w/v) PPO in glacial acetic acid, dried for two 
hours on a Zabona gel drier (high heat), and exposed to X-ray film at -80°C. 
Enhancement was omitted in some cases. 
Protein size markers were BSA (66.0 kDal), Catalase (57.5 kDaI), Aldolase (39.0 
kDal), Carbonic anhydrase (29.0 kDal), Myoglobin (17.1 kDal) and 
Cytochrome ç (12.5 kDal). 
2.3.14 Preparation of mitochondrial matrix extract 
Mitochondria were prepared as described in section 2.3A3, and resuspended 
to a final concentration of about 10mg/mi in resuspension buffer + 1mM 
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PMSF. This solution was sonicated (5x20 seconds 20 microns amplitude, 
maximum power, smallest probe) using an MSE Soniprep 150, whilst being 
kept on ice. Cooling times of 30 seconds were allowed between each 
sonication cycle. The solution was then centrifuged at 100,000rpm for 10 
minutes at 2°C in lml thick-walled polycarbonate tubes using a Beckman TLA 
100.2 rotor in a Beckman TL100 benchtop ultracentrifuge, to pellet membrane 
fractions. The resulting supernatant was immediately assayed for matrix 
protease activity in 20mM Hepes-KOH pH 7.2, 50mM KC1, 100pM CoC12, 
lOOp.M ZnC12, 200g/ml BSA. 5-15p.l of translation product and 0-15.tl of 
matrix extract were included in a final reaction volume of 100.jl, which was 
incubated at 30°C for 30 minutes. 
	
2.3.15 	Assessment of quality and intactness of mitochondria 
using an oxygen electrode. 
The procedure for measuring mitochondrial intactness is described in the 
legend to figure 3.2. A Clarke (Rank Brothers, Cambridge) oxygen electrode 
was coupled to a Rikadenki electronic recorder. Reaction medium is 03M 
Mannitol, 10mM MOPS buffer pH7.0, 10mM KH2PO4, 5mM MgCl2, 0.1% 
(w/v) BSA. 
2.3.16 	Immunoprecipitation. 
50.tl aliquots of wheat germ extract translations were immunoprecipitated 
with 20-100.t1 aliquots of antibody by mixing at 4°C overnight in TNET 
medium (0.15M NaCl, 5mM EDTA, 50mM Tris-HC1 pH 7.4, 1% (v/v) Triton 
X-100). The precipitate was collected by the addition of 50.tl of a suspension of 
0.1mg/pA protein A-sepharose in TNET which had been swollen by mixing at 
40C for one hour, further mixing at 40C for one hour, and centrifugation in an 
Eppendorf microcentrifuge for 30 seconds. The precipitate was washed five 
times in TNET, and 3x sample buffer added. The samples were then heated to 
370C for 5 minutes and DTT added to 10mM. ProteinA-sepharose was 
removed by centrifugation for 10 seconds in an Eppendorf microcentrifuge, 




Development of an in vitro system for import of 
proteins into plant mitochondria. 
3.1 Rationale 
One approach to studying the pathway and mechanism of import of proteins 
into plant mitochondria is to develop an in vitro import system. The 
development of such a system is dependent upon two important prerequisites. 
Firstly, it must be possible to. prepare mitochondria which are pure, intact and 
capable of importing protein. Secondly, it must be possible to follow the path 
of import of specific proteins. This second prerequite requires either the 
raising of antibodies against individual mitochondrial proteins, or the 
isolation of genes (or cDNAs) encoding the imported proteins of interest. 
Antibodies raised against specific imported proteins can be used to follow the 
path of import in the follwing way. Products generated by in vitro translation 
of a preparation of total cellular polyadenylated mRNA in the presence of 
radiolabelled amino acids are incubated with mitochondria under conditions 
suitable for protein import. Following reisolation of the mitochondria, the 
location and size of the protein under investigation can be determined by 
immunoprecipitation with the appropriate antibody followed by gel 
electrophoresis. Unfortunately, the isolation from plant tissue of nuclear 
encoded mitochondrial proteins, particularly subunits of the mitochondrial 
inner membrane complexes, prior to the generation of antibodies is proving 
particularly difficult, preventing the transfer of this technology to the study of 
import into plant mitochondria. 
An alternative approach to following the import of specific proteins is to clone 
isolated genes or cDNAs into expression vectors to allow in vitro synthesis of 
RNA corresponding to the gene (or cDNA). The products of in vitro 
translation of this RNA can then be imported into isolated mitochondria, and 
analysed by gel electrophoresis. An example of an expression vector suitable 
for in vitro synthesis of RNA from isolated genes is pDS6 (Stueber et al 1984). 
This vector contains a T5 bacteriophage promoter followed by cloning sites. 
RNA can be generated in vitro from DNA sequences cloned into these sites 
using E. çj RNA polymerase. 
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cDNA and genomic clones encoding two plant mitochondria  proteins, the 
adenine nucleotide translocator (ANT) of maize and the f.. subunit of F1-
ATPase of tobacco, have been isolated. It was decided to attempt to express 
the available plant cDNAs in vitro prior to the isolation of additional nuclear 
genes, and this is discussed in chapters 4 and 5. At the same time, a plant 
mitochondrial import system was developed using a yeast protein 
(cytochrome c oxidase subunit IV), whose in vitro synthesis and import into 
isolated yeast mitochondria are well characterised. 
3.2 Quality and intactness of isolated mitochondria 
It is essential to maintain intactness of the organelles during isolation of yeast 
mitochondria if import is to be maintained. Any damage which prevents the 
establishment of a membrane potential gradient or destroys the putative 
translocation contact sites between the membranes will be detrimental to the 
capacity of the mitochondria to import proteins. 
Mitochondria were isolated from coleoptiles 2-day old dark-grown maize 
seedlings because, as estimated by in organello protein synthesis, this tissue 
is involved in active mitochondrial biogenesis. 
Percoll, as opposed to sucrose, was used as gradient medium in the density 
gradient centrifugation purification of plant mitochondria because it exerts 
negligible osmotic pressure on the organelles, but is of low enough viscosity to 
allow fairly rapid purification at speeds low enough to avoid subjecting the 
organelles to high hydrostatic pressures. The quality and intactness of 
mitochondria recovered from percoll gradients was assessed by examining 
them in an oxygen electrode. As can be seen from the representative data 
shown in figure 3.1, the mitochondria are coupled, with a PlO ratio of Ca. 2.3 
and exhibit respiratory control (RC) of Ca. 4.3. Figure 3.2, shows a 
representative trace from an experiment to measure cytochrome c stimulation 
of oxygen Consumption before and after rupturing the outer membrane. The 
figure of 95% of mitochondria intact suggests that this method of purification 
was suitable for preparation of mitochondria for use in import studies. 
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Figure 3.1 
Mitochondria were analysed in an oxygen electrode for quality of coupling of 
ATP synthesis to oxygen consumption. This figure is an exact copy of a typical 
trace. 
Mitochondria (ca.200j.tg ) in reaction medium respire at very low rates (a) until 
malate (2.5mM final concentration) is added. The oxidation of malate to 
oxaloacetate by malate dehydrogenase generates reduced NADH, which feeds 
electrons into the electron transport chain via the NADH-dehydrogenase 
complex of the inner membrane. Oxygen consumption is linked to the 
phosphorylation of endogenous ADP. The addition of excess ADP (200 nmol) 
further stimulates the rate of oxygen consumption. The respiration under 
these conditions when neither NADH or ADP concentration is limiting (c) is 
known as 'state 3' respiration. When the ADP has all been converted to ATP, 
the respiration rate drops to a lower level (d) known as 'state 4', which is 
limited by the rate of proton leakage across the inner membrane. Adding more 
ADP reestablishes state 3 respiration (e) until all the ADP is phosphorylated, 
and state 4 respiration again prevails M. 
The P/O ratio is defined as the number of ADP molecules phosphorylated per 
atom of oxygen consumed. The theoretical maximum value for coupled 
mitochondria is 3.0, and the figure of 2.3 calculated above for this trace 
indicates that the mitochondria are reasonably well coupled. Respiratory 
control ratio is defined as the ratio between state 3 and state 4 respiration 
rates, and the value of 4.3 calculated above implies that proton leakage is not 
high enough to prevent the mitochondria maintaining a membrane potential. 
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Intactness of mitochondria recovered from percoll. 
Two 200p.g samples of mitochondria recovered from percoll gradients were 
analysed using an oxygen electrode for stimulation of oxygen consumption by 
cytochrome ç. Prior to addition of cytochrome ç one sample was incubated in 
Imi of water for 10 seconds prior to addition of imi 2x reaction medium (see 
chapter 2). The other sample was kept in lx reaction medium. Incubation in 
water ruptures the outer membrane by causing osmotic swelling, and this 
allows cytochrome ç to reach the inter-membrane space, where it can stimulate 
respiration by coupling electron transport between complexes III and IV of the 
electron transport chain. Cytochrome c was added to 30ji.M, and ascorbate to 
8mM at time=0. KCN was added to 0.4mM after one minute. 
Oxygen consumption was monitored in the oxygen electrode for one minute 
following addition of cyanide. A representative trace is shown above. The 
proportion of mitochondria broken in the unruptured sample is equal to the 
ratio of stimulation of cyanide-sensitive respiration in unruptured to ruptured 
mitochondria. 
For the above graph this ratio is (3-2)1(21-1) = 0.05 
This corresponds to 95% of mitochondria being intact. 
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3.3 In vitro synthesis of precursor to yeast cytochrome c 
oxidase subunit IV (pre-COX IV). 
3.3.1 Plasmid pDS 512-1-cox IV 
A clone containing the yeast gene encoding COX IV cloned 3!  to the T5 
promoter of pDS 5/2 (Stueber et al 1984) was kindly supplied by Professor 
G.Schatz, Basel, and is depicted in Fig. 3.3A. This plasmid has been used 
extensively for in vitro expression and import studies in yeast. Plasmid DNA 
was prepared, purified through caesium chloride gradients, ethanol 
precipitated, and stored at a final concentration of lmg/ml in sterile water. 
3.3.2 Synthesis of pre-COX IV in a coupled pDS transcription-rabbit 
reticulocyte lysate translation system. 
Synthesis of RNA generated from pDS-5/2-1-cox IV by K. coli RNA 
Polymerase was monitored by the inclusion of 0.06 MBq of [a- 32P]UTP in the 
transcription reaction, as described in chapter 2. 2 p1 aliquots of this reaction 
were removed 3 and 10 minutes after ATP had been added (to initiate the 
transcriptional elongation reaction) and were fractionated by electrophoresis 
through a 1.3% (w/v) agarose/formaldehyde gel. In parallel, RNA was 
generated from pDS 6 (which contains the 3-lactamase gene to confer 
ampicillin resistance in E. ççli,)  and included on the gel. The gel was dried and 
exposed to X-ray film for two hours at 80 0 C, and the resulting 
autoradiograph, which is shown in Figure 3.4 identifies the synthesis of a 
major transcript of Ca. 1.25 kb from pDS 5/2-1-cox IV which is not produced 
from pDS 6. There was significant incorporation of UTP into this transcript 
within three minutes, and increased incorporation after 10 minutes. It was 
confirmed that this transcript originated from the cox IV gene by Northern 
blotting a similar gel of RNA generated in the absence of [a- 32PIUTP for 10 
minutes, and probing this with a radiolabelled Kpnl-Kpnl DNA fragment 
which is internal to the cox IV coding region (Figure 3.3B). The transcript 
which hybridises to this probe corresponds in mobility to the major 
radiolabelled transcript generated from pDS5/2-1-cox IV (Figure 2.4. 
2 p.1 aliquots of the 10 minute transcription reaction were used to programme 
rabbit reticulocyte lysate translations in the presence of [35S]-methionine. The 
translation products synthesised after 10 and 60 minutes were separated on a 
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Figure 3.3 
A Map of pDS 5/2-1-cox IV 
Filled bars ( 	) denote 5 and 3 non-coding regions. 
The coding DNA (I 	I ) contains no introns 
There are n0ATG codons 5 to the translational startpoint 
DHFR = gene encoding mouse cytosolic dihydrofolete reductase 
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B Kpn 1 sites in the cox IV gene 
The internal Kpn 1 fragment ( r.\\i) was used to probe 
RNA blots for cox IV specific RNA 
The numbers are base pairs relative to the ATG start. 
Figure 3.4 
Analysis of transcripts generated from expression clones pDS-5/2-1-cox IV 
and pDS6 during in vitro transcription by E. RNA polymerase (see 
chapter 2). 2tl aliquots of transcription reactions carried out in the presence 
(tracks A-C) or absence (tracks D+E) of [a-32-P]-UTP were removed 3 minutes 
(track A) and 10 minutes (tracks B-E) after initiation of transcription (by the 
addition of ATP). 
These samples were fractionated by electrophoresis through 1.3% (w/v) 
agarose/formaldehyde gels. The non-radioactive transcripts were RNA 
blotted and hybridised with a probe consisting a 120bp Kpn-1-Kpn-1 
fragment internal to the cox IV genomic coding sequence (see opposite). This 
blot was then exposed to X-ray film for 16 hours. The gel of the labelled 
transcripts was dried and exposed to X-ray film for 2 hours. 
Track A. 	 pDS-5/2-1-cox IV RNA (3 minutes) 
Track B. 	 pDS-5/2-1-cox IV RNA (10 minutes) 
Track C. 	 pDS6 RNA (10 minutes) 
Track D. 	 pDS6 RNA (10 minutes) 
Track E. 	 pDS-5/2-1-cox IV RNA (10 minutes) 
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Figure 3.5 
Evaluation of expression clone pDS-5/2-1-cox IV in a coupled 
transcription/ translation sytem using E. ij RNA polymerase and rabbit 
reticulocyte lysate. Transcriptions were carried out in volumes of 10il, as 
described in chapter 2. 2il aliquots were removed after 10 minutes and used 
to programme the translation systems in the presence of [35-SI-methionine. 
Reactions included 0.37 MBq [35-S]-methionine and 10j.1 of lysate in a final 
volume of 15.t1. 
Translation products synthesised during 10 minute (track C) and 60 minute 
(tracks A,B,D) translations were fractionated on a 14% (w/v) 
polyacrylamide/SDS gel, which was dried and exposed to X-ray film for 16 
hours. A 60 minute translation of pDS-5/2-1-cox IV RNA which had 
subsequently been treated with Proteinase-K (125tg/ml, 2 0C, 30 minutes) was 
included on the gel (track E). 
Track A. 	Translation products from lysate 
programmed with water 
Track B. 	Translation products from lysate 
programmed with transcription buffer 
Track C. 	Translation products from lysate 
programmed with pDS-5/2-1-cox IV RNA (10 
minutes) 
Track D. 	Translation products from lysate 
programmed with pDS-5/2-1-cox IV RNA (60 
minutes) 
Track E. 	Translation products from lysate 
programmed with pDS-5/2-1-cox IV RNA (60 
minutes) treated with Proteinase-K. 
FIGURE 35 
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14% (w/v) polyacrylamide/SDS gel, and an autoradiograph of this gel is 
shown in Figure 3.5. A radiolabelled protein of approximately 17kDal, 
sensitive to digestion by proteinase K (track E), which is not produced in 
translations programmed with water (track A) or transcription buffer alone 
(track B), is synthesised. This protein is detectable after 10 minutes (track C), 
and is clearly the most abundant product of the translation after one hour 
(track D). The size of this protein, as estimated by its mobility through 
SDS/polyacrylamide gels is equal to the size of the yeast pre-COX IV protein 
(Hurt et al 1984a). 
3.4 Import of pre-COX IV into plant mitochondria. 
3.4.1 Processing and translocation of pre-COX IV by plant mitochondria. 
To follow import of pre-COX IV into isolated maize mitochondria, 15j.d 
aliquots of freshly translated pre-COX IV in reticulocyte lysàte were incubated 
in volumes of 200 i1 of import buffer, including 20 jtl (ca.200p.g) of 
resuspended mitochondria, as described in chapter 2, at 30 0C for 20 minutes 
in the presence or absence of 5 ng4d valinomycin, a potassium ionophore. 
Following the import reaction duplicate samples were treated with Proteinase 
K, or Proteinase K + Triton X-100, as described in chapter 2. A further 15 il 
aliquot of translation products was incubated under identical conditions, but 
with 20 Ri  of resuspension buffer included in thQ.place of the mitochondrial 
suspension. The fate of the pre-COX IV under these various conditions was 
assessed by separating the products through a 14% (w/v) 
polyacryiamide/SDS gel, which was then dried and exposed to X-ray film 
overnight at -80 0C. The autoradiograph of this gel is shown in Figure 3.6. 
Pre-COX IV incubated without mitochondria remains stable (compare tracks 
A and J) and no proteinase-K insensitive species are generated (track K). 
However, when mitochondria are included in the reaction the pre-COX IV is 
processed to produce two new polypeptides of ca.15kDal and 14kDal (Track 
B). These proteins are protected from Proteinase-K digestion, unlike the small 
amount of unprocessed precursor which is associated with the mitochondria 
(Track D). In the presence of Triton X-100, which solubilises the mitochondrial 




Import and processing of yeast pre-COX IV by isolated maize mitochondria. 
200j.tl import reactions including Ca. 200 ji.g mitochondrial protein and 15p1 of 
pre-COX IV in reticulocyte lysate were incubated at 30 0C for 20 minutes (see 
chapter 2) in the presence or absence of valinomycin (5ng/p.l). Following 
reisolation of mitochondria, duplicate samples were treated with proteinase-K 
or proteinase-K and Triton X-100, as described in the text. The total products 
from each mitochondrial pellet (or post-mitochondrial supernatant) were 
loaded onto a single lane of a 14% (w/v) polyacrylamide/SDS gel and 
fractionated. The gel was dried and exposed to X-ray film for 16 hours. 
Track A. 3p.l translation product (i.e. 20% of amount 
added to each import reaction) 
Track B. Mitochondria reisolated from import reaction 
Track C. Post-mitochondrial supernatant 
Track D. Reisolated mitochondria treated with 
proteinase-K (250tg/ml, 2 0C, 30 minutes) 
Track E. Reisolated mitochondria treated with 
proteinase-K and 1% (v/v) Triton X-100 
Track F. Mitochondria reisolated from import in the 
presence of 5ng4tl valinomycin 
Track G. Post-mitochondrial supernatant (after import 
with valinomycin) 
Track H. Mitochondria reisolated from import with 
valinomycin, treated with Proteinase-K. 
Track I. Mitochondria reisolated from import with 
valinomycin, treated with Proteinase-K and 
Triton X-100 
Track J. 'Mock-import'. 15tl translation product 
incubated as for import but in the absence of 
mitochondria. 
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Valinomycin is a potassium ionophore which will abolish potential gradients 
across sealed lipid bilayers in the presence of exogenous K+.  Under the 
conditions used here (5ng valinomycin/.tl import reaction, 40mM K) 
valinomycin has been shown to effectively abolish translocation of pre-COX 
IV across yeast mitochondrial membranes, whilst still allowing binding of the 
precursor to the outer mitochondrial surface in i n  import studies. The 
effect upon import into plant mitochondria was less pronounced at this 
concentration. Whilst a higher amount of pre-COX IV remained bound to the 
outer surface of the mitochondria, in a proteinase-K sensitive location, than in 
the absence of valinomycin (compare tracks B and F), there is still a significant 
degree of import and processing. In addition, some of the protein remaining in 
the supernatant fraction after mitochondria have been reisolated following 
import (track C) is in the processed form, implying that the matrix-located 
protease is leaking into the supernatant during import in the presence of 
valinomycin. 
Possible explanations of the incomplete effectiveness of the valinomycin in 
inhibiting import are; 
Import is very rapid and can proceed to some degree before 
membrane depolarisation reaches inhibitory proportions. 
Plant mitochondrial membranes are less sensitive than those of 
yeast to depolarisation by valinomycin. 
Plant mitochondria can support some import when their 
membranes are depolarised. 
To resolve this problem, the effects of pre-incubating mitochondria with 
various concentrations of valinomycin prior to import was investigated. 
Imports were performed exactly as described previously, except that 
mitochondria were pre-incubated at 300C for 5 minutes in 40mM K+  and zero, 
5, 25, and 50 ng valinomycin/p.l. The valinomycin concentrations in the 
subsequent import reactions were the same as during the pre-incubations. 
After import, samples were analysed by electrophoresis through a 14% (w/v) 
polyacrylamide/SDS gel, followed by autoradiography (see Figure 3.7). 
As seen in figure 3.7, the pre-incubation with valinomycin has made a 
significant difference to the ability of the mitochondria to import and process 
pre-COX IV. All the incubations which include valinomycin (tracks D-I) show 
M. 
Figure 3.7 
Import and processing of yeast pre-COX IV by isolated maize mitochondria 
pretreated with valinomycin. 
200ig aliquots of isolated mitochondria were preincubated with 0-50 ng/tl 
valinomycin for 5 minutes at 30 0C prior to their use in import reactions. 
Import reactions and treatment with Proteinase-K were as described in the 
text. Samples were fractionated on a 14% (w/v) polyacrylamide/SDS gel 
which was then dried and exposed to X-ray film for 16 hours. 
Track A. 	 3j.il translation product (=20% of amount in 
each import) 
Track B. 	 Reisolated mitochondria (zero valinomycin) 
Track C. 	 Reisolated mitochondria (zero valinomycin) 
treated with Proteinase-K (250Rg/ml, 2 0C, 30 
minutes) 
Track D. 	 Reisolated mitochondria (5ng/p.l 
valinomycin) 
Track E. 	 Reisolated mitochondria (5ng/d 
valinomycin) treated with Proteinase-K 
Track F. 	 Reisolated mitochondria (25ng/p.l 
valinomycin) 
Track G. 	 Reisolated mitochondria (25ng/j.tl 
valinomycin) treated with Proteinase-K 
Track H. 	 Reisolated mitochondria (50ng4d 
valinomycin) 
Track I. 	 Reisolated mitochondria (SOng/pJ 
valinomycin) treated with Proteinase-K 
FIGURE 3.7 
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a similar pattern of precursor binding to mitochondria but remaining 
unprocessed and susceptible to digestion by exogenous proteinase-K. There is 
no detectable import or processing in the presence of valinomycin. This 
suggests that at a concentration of 5ng/il import reaction valinomycin can 
depolarise plant mitochondrial membranes to the degree that import of pre-
COX IV is apparently abolished. 
3.4.2 Plant mitochondria import pre-COX IV extremely rapidly 
The effective abolition of ability to import pre-COX IV by pre-incubation with 
valinomycin suggests that the partial import seen when pre-COX IV and 
valinomycin are simultaneously added to mitochondria is probably due to 
very rapid import before complete depolarisation is achieved. The rapidity of 
import was investigated by performing short incubations (iminute and 10 
minutes) before reisolation of mitochondria from the import reaction. 
Following reisolation of the mitochondria, the location and form of the COX 
IV was analysed by gel electrophoresis of the mitochondrial and supernatant 
fractions. Protection from proteinase K digestion was also analysed. 
As can be seen in the autoradiograph of the resulting gel as shown in Figure 
, within 1 minute (track C) a substantial proportion of the precursor has 
been processed and imported to a protease-resistant location (track D). No 
precursor (or processed) protein can be detected in the supernatant following 
reisolation of the mitochondria (track B). There is no significant difference to 
this pattern after 10 minutes (tracks E, F and G). 
3.5 Specificity of the maize matrix protease 
Two processed forms of pre-COX IV were reproducibly observed within the 
plant mitochondria after import. As early as one minute after initiation of 
import there is significant incorporation into the smaller protein (Figure 3.8, 
track C) which, at ca.14kDal, is apparently the same size as the mature 
processed yeast polypeptide (Hurt et al 1984a). This implies that if the larger 
protein (ca.15kDal) is a processing intermediate, it is a very short lived one. 
This seems unlikely, given that there are significant quantities of the larger 
processed form still present in mitochondria after 20 minute incubations (see 
figure 3.6). It is more likely that the matrix protease is recognising two 
different cleavage sites within the precursor, but it can not be ruled out that 
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Figure 3.8 
Import and processing of yeast pre-COX IV by isolated maize mitochondria 
during short incubation periods. 
Mitochondria were reisolated from import reactions (200tg mitochondrial 
protein, 151 translation product) after incubation for one minute (tracks B-D) 
and 10 minutes (tracks E-G). Mitochondria and post-mitochondrial 
supernatant, and duplicate samples of mitochondria treated with Proteinase-K 
after reisolation were fractionated by electrophoresis through a 14% (w/v) 
polyacrylamide/SDS gel. The gel was dried and exposed to X-ray film for 16 
hours. 
Track A. 	 1p.1 translation product (=7% of amount 
added to imports) 
Track B, 	 Post-mitochondrial supernatant (1 minute 
incubation) 
Track C. 	 Reisolated mitochondria (1 minute 
incubation) 
Track D. 	 Reisolated mitochondria (1 minute 
incubation) treated with Proteinase-K 
(250.tg/ml, 20C, 30 minutes) 
Track E. 	 Post-mitochondrial supernatant (10 minute 
incubation) 
Track F. 	 Reisolated mitochondria (10 minute 
incubation) 
Track G. 	 Reisolated mitochondria (10 minute 
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processing is via an intermediate. When isolated yeast mitochondria import 
pre-COX IV only the mature 14kDal species can be seen, as expected. 
However, two putative 'cleavage domains' have been identified within the 25 
amino acid prepiece (see Figure ). 
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Figure 3.9 
Amino acid sequence of yeast pre-COX IV. The arrows denote known 
cleavage sites (Hurt and van Loon 1986). Positively charged residues are 
marked with a +. There are no negatively charged residues. 
When pre-COX IV is treated with a purified yeast matrix extract under 
appropriate conditions, an intermediate sized protein is seen amongst the 
products, and a mutated pre-COX IV lacking the C-terminal 4 amino acids of 
the presequence (and hence also the authentic cleavage site) is processed upon 
import at the alternative processing site (Hurt et al 1985a). It is possible that 
the plant enzyme shows a lower specificity than the yeast enzyme during 
import of this precursor, and processes a significant proportion of the 
precursor at the incorrect cleavage site. 
A crude matrix extract was prepared from maize mitochondria by sonication 
followed by pelleting of membranes, as described in chapter 2, and incubated 
at 300C for 30 minutes with pre-COX IV translation product in the presence or 
absence of the metalloprotease inhibitor o-phenanthroline. The products were 
separated on a 14% (w/v) polyacrylamide/SDS gel, which was dried and 
exposed to X-ray film at -80 0C overnight. The autoradiograph of this gel is 
shown in Figure 3.10. Incubations including 5p1 of matrix extract and 5j.tl 
(track B), lOp.l (track C), 15.tl (track D) of translation product each resulted in 
incomplete digestion of the precursor. Doubling the amount of extract 
(compare tracks C and E) resulted in more complete processing. The pre-COX 
IV is processed to give two products of the same sizes as seen during in vitro 
import. Both processed forms of COX IV are present in significant quantities 
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Figure 3.10 
Processing of yeast pre-COX IV by a crude maize mitochondrial extract. 
Incubations were for 30 minutes at 30 0C in the presence (track A) or absence 
(tracks B-E) of o-phenanthroline, a chelator of metal ions, as described in 
chapter 2. Following incubation, the entire samples were fractionated through 
a 14% (w/v) polyacrylamide/SDS gel, which was then dried and exposed to 
X-ray film for 16 hours. 
Track A. 	 5p.l matrix extract, 5t1 translation product, 
1 j.tM o-phenanthroline. 
Track B. 	 5p.1 matrix extract, 5tl translation product 
Track C. 	 5j.iJ matrix extract, 10tl translation product 
Track D. 	 5jtl matrix extract, 15p1 translation product 
Track E. 	 lOji.l matrix extract, 15j1 translation product 
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following incubation under these various conditions supporting the argument 
that the import results reflect a difference in the specificities of the yeast and 
maize matrix processing enzymes rather than processing via an intermediate. 
There was no processing in the presence of o-phenanthroline (track A). 
3.6 	Conclusions 
The above results suggest that maize mitochondria prepared on percoll 
gradients are largely intact and capable of supporting import of the yeast pre-
COX IV protein. Import is rapid, and dependent upon a membrane potential. 
The rapidity of import is probably largely due to the nature of the precursor 
and its small size, rather than any particular feature of the plant 
mitochondrion. Different precursors are imported into yeast mitochondria i n  
vitro at very different rates and efficiencies, with pre-COX IV import one of 
the fastest, being imported efficiently even at temperatures below 10 0C 
(A.Baker, personal communication), which greatly reduce the translocation 
rates of a number of precursors. Collapse of the membrane potential by pre-
incubating the mitochondria with the potassium ionophore valinomycin 
abolishes competence to import. The imported pre-COX IV is processed and 
translocated to a proteinase-K insensitive site, and this protection is removed 
by solubilising the mitochondrial membranes with the detergent Triton X-100. 
The specificity of the maize processing enzyme is somewhat different to its 
counterpart in yeast, giving two distinct processed forms of COX IV both 
during in vitro import and when cleaved by a crude matrix extract. It remains 
unclear whether the intermediate-sized processed form is a processing 
intermediate, or the processing enzyme recognises two distinct cleavage sites 
within the precursor. 
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CHAPTER 4 
Genetic manipulation of the maize ANT genes for 
in vitro expression 
4.1 Rationale 
The data presented in the previous chapter establishes that isolated maize 
mitochondria can import and process a yeast nuclear encoded mitochondrial 
protein (cytochrome £ oxidase subunit IV). In order to extend this In vitro 
import system to include analysis of import of plant proteins, it was decided 
to clone the genes and cDNAs encoding the maize adenine nucleotide 
translocator (ANT) into the plasmid pDS6 for in vitro expression of ANT 
protein prior to import studies. 
The adenine nucleotide translocator is a key mitochondrial protein, being 
responsible for the exchange of cytosolic ADP for mitochondrial ATP across 
the inner membrane. It is the most abundant protein in mitochondria, 
accounting for around 10-12% of total mitochondrial protein, and in animal 
systems a significant role in the regulation of oxidative phosphorylation has 
been attributed to the ANT (Tager et al - 1983, Duszynski et al 1982). The 
functional protein is a dimer which spans the inner membrane, and there is 
one binding site per dimer for adenine nucleotides. The subunits of the dimer 
are apparently identical and have a molecular weight of 30-33kDal (depending 
on species), as estimated from SDS/polyacryla-mide gel electrophoresis. 
The import pathway of ANT has been extensively studied in yeast and 
Neurospora crassa, revealing a number of interesting differences to the 
pattern seen for most inner membrane proteins. Import is apparently not 
accompanied by N-terminal processing, and internal sequences appear to be 
able to act as targeting sequences for truncated precursors, as discussed in 
chapter 1. 
A cDNA encoding ANT, pANT-1, has previously been isolated from a maize 
cDNA library and characterised in our laboratory (Baker 1985). In addition, 
two distinct genes (Gi and G2) encoding ANT have been isolated from a 
maize genomic library. One of these genes, G2, which does not correspond to 
pANT-I, has been sequenced. In addition, antibodies have been raised against 
the mature ANT isolated from maize mitochondria. The availability of these 
genes and the antibody, combined with the central role of ANT in 
mitochondrial function and regulation of respiration, make this protein a 
suitable candidate for in vitro import and biogenesis studies. 
4.2 Cloning pANT-i into an in vitro expression vector and 
attempted in vitro expression. 
4.2.1 Construction of the clone pDS6-pANT-1. 
In order to be able to synthesise ANT protein in vitro using the coupled 
transcription /translation system described in chapter 3, it was initially 
decided to clone the sequenced cDNA pANT-i into the expression vector 
pDS6. 
The pANT-i plasmid consists of an uninterrupted cDNA open reading frame 
cloned into the Pst I site of the B.' plasmid vector pAT153 using CC 
homopolymer tailing (Baker 1985). This cloning strategy involves addition of 
dC residues to the 3' ends of the cDNA and dG residues to the 5' ends of the 
linearised vector, using calf thymus terminal deoxynucleotidyl transferase. 
The resultant complementary ends are annealed and are ligated upon 
transformation into E. coli. If the vector is linearised with Pst 1 to generate the 
substrate for tailing, the Pst 1 sites are regenerated. This allows subsequent 
excission of the cDNA insert with Pst 1, as shown in figure 4.1A. 
The Pst 1 insert of pANT-i was isolated by agarose gel electrophoresis onto 
DEAE membrane, purified and ligated into the E1  1 site of pDS6. Self -
religation of linearised pDS6 was prevented by prior treatment with calf 
intestinal alkaline phosphatase for one hour at 37 0C. 
Following transformation of E. ççj  HBI01 competent cells with the ligation 
reaction, and growth on L-Broth plates supplemented with ampicillin (see 
chapter 2), small-scale preparations of plasmid DNA were performed on 
ampicillin-resistant colonies selected at random. The desired clone, pDS6-
pANT-1 (see figure 4.1B) was identified amongst the recombinants obtained 
by the following procedure. Pst 1 and iii  2 digests of the clone, and a Pst 1 
digest of pDS6, were fractionated by electrophoresis through a 1% (w/v) 
agarose gel which was then DNA blotted and probed with the large ii  2- 
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Figure 41A Flanking sequences of the cDNA insert of pANT-1. 
The underlined ATG codon is in-frame, and may 
encode the initiator methionine. 
(I) > 	 (0 





Multiple cloning site 
polylinker 
T5 Promote[ 	terminator (t 0 ) 
rc.\4isribosome binding site 
/ 	 Pvu2 
7 	1398 CAT 
J pDS 6-pANT-1 
4.6 KB 	 terminator (t 
3 lactamase 
Figure 4.18 
Map of pDS6-pANT-1 (not to scale) showing restiction 
endonuclease sites used to identify this clone. 
Numbers refer to base pairs relative to the 5 end of pANT-i 
CAT = gene encoding chloremphenicol acetyl transf erase 
t 0 and t1 are terminators of transcription from 
bacteriophage A 
Mle 
Pst 1 fragment of pANT-i (see figure 4). This probe was prepared by 
fractionation of the products of a Pst 1/Pvu2 digest of pANT-i through an 
agarose gel, purification of the 1050bp Pvu 2 - iJ. I fragment by further 
electrophoresis onto DEAE membrane, elution and radiolabelling by random 
priming. The autoradiograph of this blot is shown in figure 4.2. The Pst 1 
digest of pDS6-pANT-1 releases a 1.1kb fragment which hybridises to the 
pANT-i probe, and the Pvu 2 digest produces fragments of 1.3kb and 3.4kb, 
the smaller of which hybridises to the pANT-I probe. pDS6 does not hybridise 
to the probe. This hybridisation pattern confirms that the clone isolated 
corresponds to pDS6-pANT-1, as shown in figure 4.1A. 
4.2.2 Transcription/Translation of pDS6-pANT-1 
When the plasmid pDS6-pANT-1 was used as template for in vitro 
transcription with E. çij RNA polymerase as described in chapter 2, no RNA 
could be detected either by inclusion of [c- 32P]UTP in the transcription mix or 
by RNA blotting followed by probing with radiolabelled pANT-i probe 
(results not shown). In the light of this, it was not suprising that no product 
was detected when this transcription reaction was coupled to either rabbit 
reticulocyte or wheat germ extract translation systems. 
2pi aliquots of transcription reactions of plasmids pDS 5/2-1-cox IV and pDS6-
pANT-1 were used to programme rabbit reticulocyte lysate and wheat germ 
extract translation systems. A 2tl aliquot of transcription buffer alone was 
included in a parallel translation as a control for background incorporation by 
each translation system. Translation products were separated on 14% (w/v) 
polyacrylamide/SDS gels which were then dried and exposed to X-ray film 
overnight at 80 0C. Figure 4 shows the autoradiographs of these gels. When 
the pDS6-pANT-1 transcription reaction is used to programme either 
translation system, there is no significant incorporation of radioactive 
methionine into any proteins not synthesised in the control reaction. Clearly 
the pDS6-pANT-1 construct was not suitable for in vitro expression in this 
system. 
It is possible that the unusual 5' sequence of the cDNA, caused by the presence 
of the CG homopolymer tails and the extreme proximity of the in-frame ATG 
codon at the 5' end of pANT-i to the CG residues (see figure 4.1A), may 
prevent 'transcriptional readthrough' by the RNA polymerase. The pANT-i 
Figure 4.2 
Identification of clone pDS6-pANT-1 by DNA blot analysis. 1ig samples of 
DNA were digested for one hour and the resulting fragments fractionated 
through a 1% (w/v) agarose gel, which was then DNA blotted. 
Track A. pDS6-pANT-1 digested with Pvu 2. 
Track B. pDS6-pANT-1 digested with Pst 1 
Track C. pDS6 digested with Pst 1. 
The blot was hybridised with an internal pANT-i probe (see below) and 
exposed to X-ray film for 16 hours. 
PstlPvu2 	 Pstl 
pAr•JT-1 cDNA 
1 85 	 1136 
= vector DNA 
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Figure 4.3 
Comparison of plasmids pDS-5/2-1-cox IV and pDS6-pANT-1 in a coupled 
transcription/ translation system using E. çj RNA polymerase and 
A Wheat germ extract 
B 	Rabbit reticulocyte 
Transcriptions were carried out in volumes of lOjil, as described in chapter 2. 
2jil aliquots were removed after 10 minutes and used to programme the 
translation systems in the presence of [35-SI-methionine. 
Translation products were fractionated on 14% (w/v) polyacrylamide/SDS 
gels, which were dried and exposed to X-ray film for 16 hours. 
Track A 	 Translation products from pDS-5/2-1-cox IV 
RNA 
Track B 	 Translation products from pDS6-pANT-1 
RNA 
Track C 	 Translation products from transcription buffer 
alone. 
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cDNA was also unsatisfactory in retrospect for in, vitro synthesis of protein 
for import studies in that it is not clear whether the entire coding sequence is 
represented in this clone. Although there is an in-frame ATG codon at the 
extreme 5' end of pANT-I, this may not encode the initiator methionine of the 
authentic ANT protein synthesised in the cytoplasm. The evidence for this 
comes from a comparison of the 5' sequences of pANT-i and the genomic 
clone G2, as shown in figure. 
1< 	33 bp 	 >1 
02 TG0AfiITCT0TTA0C0GTG0CATCAATGTTCCA0T0nmCCGAC. 
111111 	III 
pANT-i 	 T0ftTCAGAC 
Figure 4.4 
Alignment of G2 (genomic) and pANT-i (cDNA) sequences of the two distinct 
maize ANT genes. Underlined ATG codons are the potential initiator codons. 
Figure 4.4 shows the 5' pANT-i sequence aligned to the corresponding 
- sequence of the genomic clone G2, revealing the presence of a second in-frame 
ATG codon 30 bases 5' to the ATG in pANT-1. N-terminal sequencing of the 
ANT protein has proved unsuccessful because of a blocked amino terminus, 
and it remains unclear which ATG encodes the initiator methionine. 
As a step towards overcoming these problems, it was decided to characterise 
the genomic clone Gi to confirm its correspondence to pANT-i and to identify 
whether, like G2, this gene has a second in-frame ATG 5' to the ATG at the 
extreme 5' end of pANT-1, with a view towards replacing the 5' CC tail of 
pDS6-pANT-1 with sequences 5' to the coding sequence of Gi. Such a 
construct, with an uninterrupted ANT coding sequence preceded by authentic 
5' non-coding sequence, may prove to be a better substrate than pDS6-pANT-1 
for the in vitro synthesis of ANT protein. 
4.3 Characterisation of genomic clone GI 
4.3.1 Subcloning Cl into pUC9. 
The Gi gene is present on a 8.0 kb Eco Ri fragment which had previously 
been cloned into pUC9. It has been established that homology to the pANT-I 
coding sequence is restricted to a 1.65 kb DZI 2- ..gi  2 fragment. This fragment 
was isolated and cloned into the Barn Hi site of pUC9 (see figure 4). 
Alkaline phosphatase was again used to prevent self-religation of the vector. 
Recombinants were screened at random by digestion of small scale plasmid 
preparations with Eco RI and Sal 1. Sites for these restriction endonucleases 
flank the Barn Hi site in the pUC 9 polylinker site and Barn Hi and P&I 2 sites 
are destroyed by the above cloning procedure. The desired clone, pUC9-G1, 
was identified by the release with these enzymes of a 1.65 kb insert which 
hybridised to a probe of the large Pvu 2-Pst 1 fragment of pANT-i in DNA 
blot analysis (see figure ). The internal Cla 1 site was used to determine the 
orientation of the insert as follows. A Cla 1 / Eco RI digest releases a fragment 
of 1.25 kb, which is equivalent to the distance from the Cla I site of Gi to the 5' 
g] 2 site (Baker 1985). This suggests that the Eco Ri site of the polylinker 
maps 5' to the ANT gene in pUC9-Gi. Similarly, a Cla 1- Sal. I digest of pUC9-
GI releases a 400bp fragment, which is equivalent in size to the distance 
between the Cla I site and the internal DZI, 2 site at the 3' end of Gi, implying 
that the Sal I site of the polylinker maps 3' to the ANT gene in pUC9-Gi (see 
figure ). 
4.3.2 Restriction endonuclease mapping of pUC9-G1 
To map restriction endonuclease sites in the 1.65 kb .gj, 2- .g], 2 genomic 
fragment which carries the GI gene, the pUC9-GI plasmid was linearised with 
Sal l, end-labelled using Kienow fragment of DNA polymerase I and dNTPs 
(including k-32PIdCTP), and then digested with Eco Ri. The 1.65 kb 
fragment, now labelled at the 3' terminus only, was purified and restriction 
mapped by analysis of partial restriction digestion products generated with 
each of the restriction endonucleases Alu 1, 1, Sau 3A, Acc 1 and Hae 3. 
The products of each partial digestion were separated on a single 6% (w/v) 
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FIGURE 4.6 
Identification of clone pUC9-G1 by restriction endonuclease mapping and 
DNA blotting. lpg samples of DNA were digested for one hour and then 
fractionated through a 1% (w/v) agarose gel. The gel was DNA blotted and 
hybridised with an internal pANT-i probe (see below). The enzymes used and 
sizes of hybridising fragments are; 
Track A Sal 1 + Cla 1 + Eco Ri 
Track B Sal 1 + Cia 1 
Track  EcoRi+Clai 
Track D Eco Ri + Sal 1 
Track  EcoRi 
1.25 kb, 0.40 kb. 
3.95 kb, 0.40 kb. 
3.10 kb, 1.25 kb. 
1.65 kb. 
4.35 kb. 
This hybridisation pattern agrees with the clone pUC9-G1 as shown in figure 
4.5. 
Pst 1 Pvu2 	 Pst 1 
pANT-i cDNA 
1 85 	 1136 
vector DNA 
111111111 = Fvu 2- Pst 1 fragment used as probE 
M. 
FIGURE 46 
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Figure 4.7 
Restriction endonuclease mapping of the GI gene encoding - maize ANT. A 
1.65 kb ..gi. 2- BZI 2 fragment of maize nuclear DNA containing the GI gene 
was cloned into the Barn Hi site of plasmid pUC9, to generate clone pUC9-G1 
(see figure 4). This fragment was reisolated as a Eco . RI- Sal 1 fragment, 
radiolabelled at the 3' terminus, and mapped by polyacrylamide gel 
electrophoresis of partial digestion products generated with the following 
enzymes. 
Track A. 
Track B. 	 Sn 3A 
Track C. 	 Hae 3 
Track D. 	 Acci 
Track E. 	 Alu 1 
The gel was dried and exposed to X-ray film for 72 hours. 
The sizes shown are for tracks A (I 1) and E 	1). The map obtained is 
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The size of each labelled fragment in the partial digestions corresponds to the 
distance between the labelled terminus (3') and a site for the enzyme in 
question. Hence, a single gel is sufficient to map the gene completely, and this 
map is shown in figure 4.8A. The inclusion of two introns at the sites shown 
(which correspond to the sites of the introns in G2) (figure 4.8B) gives a map 
which corresponds to pANT-I (figure 4.8C), verifying that GI is the genomic 
copy of pANT-1. This result, and the exact positions and sizes of the introns 
has recently been confirmed by determination of the nucleotide sequence of 
Gi (B.Bathgate, personal communication). Analysis of this sequence also 
revealed that Gi, like G2, has two in-frame ATG codons near the 5' terminus 
of the gene. 
4.4 Cloning of genomic sequences into pDS6 
4.4.1 Strategy for cloning. 
Having carried out preliminary characterisation of the ANT gene Gi, and 
established its correspondence to the cDNA pANT-1, a strategy to clone 
expression constructs containing Ci sequences was devised (see figure ). 
The GI ANT gene has two introns, and is therefore not suitable for in vitro 
expression studies. In order to create a clone which contains 5' non-coding 
sequence followed by a complete and uninterrupted open reading frame 
encoding ANT, a gene fusion between 5' regions of CI and 3' regions of 
pANT-I was constructed. Suitable restriction endonuclease sites for use as 
fusion sites must be common to the cDNA and genomic sequences, unique 
within each of these sequences, and 5' to the two introns. The only site which 
matches these requirements is the Pvu 2 site of pANT-i and GI. However, the 
existence of a Pvu 2 site within the pDS6 vector (see figure 4.I13) prevents use 
of this enzyme to directly introduce genomic sequences into pDS6-pANT-1. To 
circumvent this problem, the entire pUC9-GI Eco RI- Sal 1 insert was initially 
cloned into pDS6 to allow subsequent cloning around the Pvu 2 sites as 
described below (see figure ). 
4.4.2 Construction of pDS6-G1 
pDS6 was digested with the Eco Ri and Sal 1 and then ligated to the purified 
1.65kb Eco Ri- Sal I fragment of pUC9-Gi, to generate the clone pDS6-G1 (see 
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Figure 4.8 	A. Map of the ANT gene 61, showing the restriction 
endonuclease sites identified from the gel shown 
in figure 4.7. 
Restriction endonuclease site map of 61 with two 
putative introns introduced. 
Restriction endonuclease site map of the ANT cDNA, 
pANT - i 
A=Alu 1,T=Taq 1,H=H ae  
5=gj 2,P=j2, S=S au 3A 
= non-coding 5 regions of 61 
coding regions of 61/pANT-I 
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figure 4.9). The identity of this clone was checked by fractionating Eco Ri/Sal 
1 and Pvu 2 digestions of pDS6-G1, and a Pst 1 digest of pDS6 through a 1% 
(w/v) agarose gel, blotting this gel, and probing this blot with a radiolabelled 
probe consisting of the Pst 1- Pst 1 pANT-i insert. The autoradiograph (figure 
4.10) revealed that the clone contains a 1.65kb Eco Ri- Sal 1 fragment, and 3.35 
+ 1.55 kb Pvu 2 fragments with homology to pANT-1, which agrees with the 
map of pDS6-G1 shown in figure 4.9. The hybridisation between the pANT-i 
probe and the larger of the two Pvu 2 fragments of pDS6-G1 is fairly weak 
under these stringent hybridisation conditions (65 0C, 4x SSC), possibly due to 
the fact that the overlap between this fragment and the probe is only ca. 80 bp. 
4.4.3 Construction of pDS6-G2 and pDS6-G3 
Having now introduced genomic sequences into pDS6, the next step was to 
construct a hybrid clone from pDS6-pANT-1 and pDS6-G1 which contains an 
uninterrupted open reading frame preceded by authentic 5' untranslated 
sequence. The cloning of pDS6-G3, which fills these requirements, is 
diagrammatically represented in figure 4.11. 
Plasmid pDS6-G2 was first constructed by digestion of pDS6-G1 with Pvu2 
followed by self-religation. Although pDS6-G2 lacks a small portion of the 
pDS6 vector, from the multiple cloning site to the Pvu 2 site of the vector, it is 
still viable, and it represents a suitable vector for cloning the small Pvu 2 
fragment of pDS6-pANT-1 to regenerate the complete open reading frame of 
the ANT (figure 4J]),  whilst also replacing the pDS6 DNA lost in the cloning 
of pDS6-G2. pDS6-G3 contains 5' non-coding sequence followed by a complete 
ANT open reading frame, including both of the ATG codons which are 
candidates for encoding the initiator methionine. 
4.4.4 In vitro expression of pDS6-G3 
RNA was transcribed from pDS6-G3 in the presence of [a- 32P]UTP and 
fractionated on a 1.3% (w/v) agarose/formaldehyde gel. Parallel 
transcriptions of pDS6 and pDS6-pANT-1 were included on the gel. The gel 
was dried and exposed to X-ray film at -80 0C for two hours, and the 
autoradiograph of this gel is shown in figure 4.12. Transcription of pDS6-G3 
results in incorporation of TJTP into a major transcript of ca.1.2kb (figure 4J2 
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Identification of clone pDS6-G1 by restriction endonuclease mapping and 
DNA blotting. 
lig samples of DNA were digested for one hour and then fractionated by 
electrophoresis through a 1% (w/v) agarose gel. The gel was DNA blotted 
and hybridised with a probe consisting of the entire Pst 1- Pst .  1 cDNA 




Exposure to X-ray film was for 12 hours. 
pDS6 digested with Pst 1 
pDS6-G1 digested with Pvu 2 
pDS6-G1 digested with Eco Ri 
and Sal 1. 
The observed hybridisation pattern agrees with the map of pDS6-G1 
shown in figure 4. 
Pstl 	 I'stl 
pANT-i cDNA 
1 	 1136 
vector DNA 
111111111 = Pst 1 - Pst 1 fragment (i.e. the entir 
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Figure 4.J1.  Cloning strategy for construction of pDS6-G3. 
Filled bars ( 	) represent cDNA/genomic coding sequences 
Open bars (I i) represent genomic sequences 
5 to the coding region 
The unique Pstl and EcoRl sites in pDS6-GANT3 were 
used diagnostically to check insert orientation. 
Figure 4.12. 
Analysis of transcripts generated from clones pDS6-G3, pDS6-pANT-1 and 
pDS6 during in vitro translation by E. çpij. RNA polymerase. Following 
transcription (10 minutes, 370C) in the presence (tracks C-E) or absence (tracks 
A+B) of [a-32P]UTP, 2j.il aliquots were removed and fractionated by 
electrophoresis through 1.3% (w/v) agarose/formaldehyde gels. The non-
radioactive transcripts were RNA blotted, hybridised with a probe consisting 
of the entire pANT-i cDNA, and exposed to X-ray film for 16 hours. The gel of 
the labelled transcripts was dried and exposed to X-ray film for 2 hours. 
Track A. 	 pDS6-G3 RNA 
Track B. 	 pDS6 RNA 
Track C. 	 pDS6 RNA 
Track D. 	 pDS6-G3 RNA 
Track E. 	 pDS6-pANT-1 RNA 
Pstl 	 Pstl 
pANT- 1 cDNA 
1 	 1136 
= vector DNA 
Itliflill = Pst 1 - Pst 1 fragment (i.e. the entire 
cDNA insert) used as probe for the 
RNA blot (tracks A + 0) 
we 
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RNA (which is undetectable) (track E). This transcript is of a different size to 
the L-lactamase RNA synthesised from pDS6 (track C), and is homologous to 
ANT sequences as identified by RNA blotting unlabelled transcripts and 
probing with pANT-i (figure 411 tracks A+B). A single transcript, of the same 
mobility as the major transcript generated during RNA synthesis in the 
presence of radioactive UTP, hybridises to the pANT-i Pst 1- Pst 1 probe. This 
implies that the replacement of the 5' CC tail of pDS6-pANT-1 with 5' non-
coding genomic sequence has overcome the transcriptional block imposed in 
pDS6-pANT-1. 
However, when this RNA was used to programme a rabbit reticulocyte 
translation system, the results were again disappointing. Figure 4.13 is an 
autoradiograph of a 14% (w/v) polyacrylamide/SDS gel comparing 
incorporation of [35S]-methionine into translation products during translation 
of pDS5/2-1-cox IV RNA and RNA generated from pDS6-G3. Clearly, pDS6-
G3 is several times less efficient than pDS 5/2-1-cox IV in the coupled 
transcription/ translation system. 
It is possible that some feature of the 5' untranslated genomic sequence is 
imposing a block on translation in the lysate. Analysis of the C2 sequence 
immediately 5' to the coding region reveals a number of ATG codons, which 
could interfere with in vitro expression, and when the G1 sequence had been 
determined it became clear that the situation was similar for this gene. The 5' 
non-coding sequence in pDS6-G3 is shown in figure 4.14, with two open 
reading frames (starting with ATG codons) of 102 and 147 bp highlighted. In 
addition, there are four other ATG codons followed by short open reading 
frames of less than 40 bp 5' to the first of the two in-frame ATGs which could 
encode the initiator methionine of ANT. Such a complex pattern of ATG 
codons 5' to the coding region may cause problems in in vitro translation 
systems, which tend to favour initiation at the most 'upstream' ATG of the 
transcript (Kozak 1986). Translation of any of these small open reading frames 
may prevent ribosomal readthrough to the ANT coding DNA. 
4.4.5 Construction of pDS6-G4 and pDS6-G5 
It was decided to delete some of the 5' non-coding DNA from pDS6-G3 to 
create a clone more suitable for in vitro expression. 
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Figure 4.13 
Comparison of plasmids pDS-5/2-1-cox IV and pDS6-G3 in a coupled 
transcription/ translation system using R. cll RNA polymerase and rabbit 
reticulocyte lysate. 
Transcriptions were carried out in volumes of lOjil, as described in chapter 2. 
2t1 aliquots were removed after 10 minutes and used to programme the 
translation systems in the presence of [35-SI-methionine. 
Translation products were fractionated on a 14% (w/v) polyacrylamide/ SDS 
gel, which was dried and exposed to X-ray film for 16 hours. 
Track A 	 Translation products from transcription buffer 
alone. 
Track B 	 Translation products from pDS6-G3 RNA 




33 kD&- 	 - - 
17 kD&- 
A 	B 	C 
104 
AGATCTGTTATTCTTTATGCRCTATCCTAAGTTGTGTGTCTTGATATT AT 
TTGCA6CCAATAGTTTTCAGGTGGCA AT G GCGGACCAGGCTAACCAACC 
CACTGTCCTTCATAAGCTCGGTGGCCAGTCCACCTGGCCTCGATCATCTC 
Apo 1 
TGAA6GTGTACbGGCCb3TAACATCTGCCCATCTGTCTC AT Gull TGAAA 
Apo I 
GGAGATTTGCCACAAGGAACTAcFITGACCCAGAGCCTT.T  
A 1 TGTCTGTTFIGCGGTGGCATCA AT GTCCCAGTGA TG CAGACCCCGC 
Figure 4.14 
Nucleotide sequence of pDS6-63 immediately 3 to the 
15 promoter. There are five ATG codons inbetween the 
promoter and the ANT open reading frame ( I 	I )• 
These codons could interfere with recdthrough by the 
scanning 40S ribosomal subunit in the reticulocljte 
lysate. Two of these upstream ATG codons initiate 
open reading frames of 102 ( 	) and 147  
amino acids. 
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Figure 4.15. Cloning strategy for construction of pDS6-G5. 
Filled bars ( 	) represent cDNA/genomic coding sequences 
Open bars (i I) represent genomic sequences 
5 to the coding region 
There are two Apa I sites in the region of pDS6-G3 5' to the coding sequence 
(see figures 4.14 and 4J). The more 3' of these is just a few base pairs 5' to the 
first of the two in-frame ATG codons. There is also an Apa 1 site within the 
ANT coding region, near the 3' end, but there are no sites in pDS6, so pDS6-G2 
(which lacks all ANT coding sequences 3' to the internal Pvu 2 site) can be 
manipulated (as shown in figure 4.15) to delete the sequence stretching from 
the Sma I site of the pDS6 polylinker up to the Apa 1 site proximal to the 
ANT coding region (see figure to generate clone pDS6-G4 (figure 4.15). 
pDS6-G2 was digested with Sma 1 and Apa 1, and then treated with T4 DNA 
polymerase to remove the single stranded 3' overhang generated by Apa 1 
digestion. T4 DNA polymerase, in common with with E. coli DNA 
polymerase 1 has 5' to 3' polymerase and 3' to 5' exonuclease activities. 
However, the exonuclease activity is 200x greater than that of DNA 
polymerase 1, and excedes the polymerase activity to such a degree that the 3' 
overhang is rapidly digested by this enzyme, to leave a linear blunt ended 
molecule which was self-ligated to produce pDS6-G4. Then, using a cloning 
strategy identical to that employed to convert pDS6-G2 to pDS6-G3, the small 
Pvu 2 fragment of pDS6-pANT-1 was isolated and cloned into the i?ii  2 site 
of pDS6-G4, to produce pDS6-G5, a clone with no ATG codons between the T5 
promoter and the first in-frame ATG of the ANT open reading frame. The 
identity of clones pDS6-G4 and pDS6-G5 was checked by mapping with 
restriction endonucleases (results not shown). 
4.5 In vitro expression of pDS6-G5 
4.5.1 Transcription 
The synthesis of RNA from pDS6-G5 was checked by incorporation of 
radioactive UTP as described earlier. The products of parallel transcriptions of 
pDS6, pDS6-pANT-1 and pDS6-G3 were included on the gel. The gel was 
dried, and exposed to X-ray film for two hours at 80 0C. The autoradiograph 
of this gel (figure 4.16) shows that transcription from this clone gives 
significant incorporation into one major species of RNA. This RNA is of 
similar mobility to the major product of transcription of pDS6-G3 and is 
distinct from the pDS6 L-lactamase message. 
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Figure 4.16 
Comparison of transcripts synthesised in vitro from clones pDS6, pD86-
pANT-1, pDS6-G3 and pDS6-G5 by R. ççj RNA polymerase. 
Transcriptions were for 10 minutes at 37 0C in the presence of [a- 32P]UTp. 2p.l 
aliquots were fractionated by electrophoresis through a 1.3 % (w/v) 
agarose/formaldehyde gel, which was then dried and exposed to X-ray film 
for two hours. 
Track A. pDS6 RNA 
Track B. pDS6-G3 RNA 
Track C. pDS6-pANT-1 RNA 








4.5.2 Reticulocyte lysate and wheat germ extract translation. 
RNA transcribed from pDS6-G5 was used to programme reticulocyte lysate 
and wheat germ extract translation systems. Products were separated through 
12% (w/v) polyacrylamide/SDS gels and the dried gels were exposed to X-ray 
film overnight at -800C (see figure 4j7). Both translation systems synthesise a 
major product with mobility of ca.31kDal which is not synthesised when 
either translation system is programmed with transcription buffer alone. This 
mobility is slightly less than that of the purified ANT protein isolated from 
maize mitochondria (Baker 1985). 
4.5.3 Imniunoprecipitation of pDS6-G5 translation products 
To confirm that the 31kDal product of coupled transcription/ translation of 
pDS6-G5 does correspond to ANT, the products of a wheat germ extract 
translation were subjected to immunoprecipitation with antibodies raised 
against maize mitochondrial ANT. 
50.il samples of wheat germ extract programmed with pDS6-G5 RNA were 
immunoprecipitated with 20, 40, 60 and lOOjil aliquots of antisera, and then 
analysed on a 12% (w/v) polyacrylamide/SDS gel alongside the in vitro 
synthesised translation products. This gel was enhanced by fluorography, 
dried and exposed to X-ray film at -80 0C for 7 days (see figure 4.18). The 
31kDal protein seen as a major translation product is specifically 
immunoprecipitated by this antisera, verifying that this protein is derived 
from the ANT coding sequences of pDS6-G5. 
4.6 Conclusions 
The genomic ANT GI gene has been shown to correspond to the cDNA 
pANT-I, and it has proved possible to use the genomic and cDNA sequences 
corresponding to a single gene encoding ANT to construct an expression 
clone, pDS6-G5, with no ATGs between the start of transcription and the more 
5' of the potential translational start points, but with a complete uninterrupted 
open reading frame. This clone has been expressed in a pDS6 transcription 
system coupled to both wheat germ extract and rabbit reticulocyte lysate 
translation systems. The major translation product generated in both 
translation systems has a molecular weight of 31kDal (as estimated by 
IEI 
mobility through SDS/polyacrylamide gels), slightly larger than the native 
maize mitochondrial ANT polypeptide, and is immunoprecipitated by 
antisera raised against ANT. This translation product was used in the import 
studies described in the next chapter. 
Figure 4.17 
Analysis of clone pDS6-G5 in a coupled transcription/ translation system 
using E. gj RNA polymerase and 
A 	 Wheat germ extract 
B 	 Rabbit reticulocyte 
Transcriptions were carried out in volumes of lOpJ, as described in chapter 2. 
2p1 aliquots were removed after 10 minutes and used to programme the 
translation systems in the presence of [35-SJ-methionine. 
Translation products were fractionated on 12% (w/v) polyacrylamide/SDS 
gels, which were dried and exposed to X-ray film for 16 hours. 
A 
Track A 	 Translation products from pDS6-G5 (20% of 
reaction). 
Track B 	 Translation products from transcription buffer 
alone (100% of reaction). 
NO] 
Track A 	 Translation products from transcription buffer 
alone (100% of reaction). 
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Figure 4.18 
Confirmation that the major product of in vitro coupled transcription/ 
translation of plasmid pDS6-G5 corresponds to ANT protein by 
immunoprecipitation with antibody raised against native ANT. 
2jil aliquots of RNA generated from pDS6-G5 were used to programme 50J11 
wheat germ extract translations which were then immunoprecipitated with 
various amounts of anti-ANT antisera. 
Immunoprecipitated proteins were fractionated alongside in. vitro 
synthesised protein on a 12% (w/v) polyacrylamide/SDS gel which was then 
dried, enhanced and exposed to X-ray film for 7 days. 
Track A. 5041 translation product 
Track B. Protein immunoprecipitated by 2041 antisera 
Track C. Protein immunoprecipitated by 4041 antisera 
Track D. Protein immunoprecipitated by 60tl antisera 
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CHAPTER 5 
Import of plant proteins into isolated maize 
mitochondria 
5.1 Rationale 
The data presented in chapter 4 show that adenine nucleotide translocator 
(ANT) protein can be synthesised in vitro using both reticulocyte lysate and 
wheat germ extract translation systems programmed with RNA synthesised 
from the expression clone pDS6-G5. Although it is not certain that the amino 
terminus of this in synthesised product is identical to that of the 
cytoplasmically synthesised import precursor, it was decided to use these 
translation products in import reactions. 
To allow a more complete investigation of in vitro import of plant proteins 
into isolated plant mitochondria, precursor to the f subunit of the 
mitochondrial F1-ATPase of Tobacco was also used in import reactions. At 
the same time, the tobacco cDNA was radiolabelled and used as a probe to 
isolate clones encoding the 9 subunit of F1-ATPase from a maize cDNA 
library (see chapter 6). 
In contrast to ANT protein from maize, the site of initiation of translation of 
the import precursor of the I. subunit of F1-ATPase from tobacco is known. As 
detailed in chapter 6, the maize and tobacco amino acid sequences of F1- 
ATPase 1 are highly conserved, at least within the regions of the mature 
sequence which it has been possible to compare. Whilst there is no guarantee 
that this degree of homology will be maintained between the targeting 
sequences, it is reasonable to assume that the structure of the tobacco 
precursor to the I subunit of F1-ATPase will be highly homologous to that of 
its maize counterpart. 
In addition to using these precursors to follow import into isolated 
mitochondria, the effect of incubation of precursors with a crude maize 
mitochondrial matrix extract was investigated in an attempt to allow initial 
characterisation of the processing activity associated with protein import into 
maize mitochondria. 
IN  
5.2 Import and processing of the adenine nucleotide 
translo cator. 
5.2.1 Import from reticulocyte lysate 
Protein was generated in a coupled transcription/ translation from the 
expression clone pDS6-G5 as described in chapter 4 and used in import 
reactions. Incubations were at 30 0C for 20 minutes. Following import, 
duplicate import reactions were treated with proteinase K or proteinase K + 
Triton X-100 as described earlier. Parallel import reactions were carried out in 
the presence of a) the potassium ionophore valinomycin (5ng/p.l) and b) the 
inhibitor of metallo-pro teases o-phenanthroline (1iM). Following import, the 
mitochondria were reisolated, solubilised in SDS, and fractionated through a 
10% (w/v) polyacrylamide/SDS gel, which was then enhanced by 
fluorography, dried, and exposed to X-ray film overnight at -80 0C . The 
autoradiograph of this gel, shown in figure 5.1, reveals that upon incubation 
with mitochondria the 31kDal protein synthesised as the major pDS6-G5 
translation product is apparently translocated to a protease resistant location 
and processed to a smaller size (ca. 29kDal) (Tracks C+D). Solubilisation of the 
mitochondrial membranes with Triton X-100 abolishes the resistance of the 
29kDal protein to added proteinase K (Track F). Import is prevented by the 
inclusion of valinomycin in the import reaction, with precursor binding to the 
mitochondrial surface but remaining unprotected from added proteinase K 
(tracks G+H), implying a requirement for a membrane potential for 
translocation of bound precursor across the mitochondrial membranes. The 
inclusion of o-phenanthroliné, (a chelator of metal ions) also prevents import 
from the bound state and processing (tracks I+J). 
The efficiency of import of this precursor is low under these conditions. A 
large proportion of the precursor is still unassociated with mitochondria after 
a 30 minute import period (track E), and of the precursor which does bind to 
the mitochondrial surface only a small proportion is imported and processed 
(compare tracks C and D), presumably due to the fact that the conditions of 
import have not been optimised for this protein. 
The condusion of this experiment is that the ANT protein synthesised from 
pDS6-G5 is apparently processed upon import into isolated maize 
mitochondria. The processed form of ANT has a mobility distinct from that of 
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Figure 5.1 
Import and processing by isolated maize mitochondria of translation product 
synthesised in reticulocyte lysate programmed with pDS6-G5 RNA. 
Import reactions (ca. 200jig mitochondrial protein, 15il reticulocyte lysate) 
were carried out in the presence of valinomycin (tracks G+H), or o-
phenanthroline (tracks I+J), or neither (tracks C-F) at 30 0C for 20 minutes. 
Duplicate samples were treated with Proteinase-K or Proteinase-K + Triton X-
100 following reisolation of mitochondria, as described in chapter 2. 
The total products from each mitochondrial pellet (or post-mitochondrial 
supernatant) were loaded onto a single lane of a 10% (w/v) 
polyacrylamide/SDS gel and fractionated by electrophoresis. The gel was 
enhanced, dried and exposed to X-ray film for 16 hours. 
Track A. 15.d of reticulocyte lysate programmed with 
transcription buffer alone. 
Track B. 3.tl of reticulocyte lysate programmed with 
pDS6-G5 RNA (=20% of amount added to 
each import reaction) 
Track C. Mitochondria reisolated from import reaction. 
Track D. Reisolated mitochondria treated with 
Proteinase-K (250g/m1, 20C, 30 minutes) 
Track E. Post-mitochondrial supernatant 
Track F. Reisolated mitochondria treated with 
Proteinase-K and 1% (v/v) Triton X-100 
Track G. Mitochondria reisolated from import reaction 
with valinomycin (5ng/.tl) 
Track H. Mitochondria reisolated from import reaction 
with valinomycin, treated with Proteinase-K 
Track I. Mitochondria reisolated from import reaction 
with ljtM o-phenanthroline 
Track J. Mitochondria reisolated from import reaction 
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any product of the pDS6-G5 in vitro translation, and co-migrates with ANT 
endogenous to the mitochondria used in the import reaction (which can be 
identified by a Coomassie stained band within the distinctive electrophoresis 
pattern of total mitochondrial protein). This import pathway is in contrast to 
the situation in all other eukaryotes studied to date where import of ANT is 
not accompanied by processing. 
5.2.2 Import from wheat germ extract 
, vitro import into isolated yeast mitochondria of proteins synthesised in 
reticulocyte lysate is dependent upon soluble factors present in the lysate 
which presumably mimic cytoplasmic factors involved in import in vivo. 
Whilst import into plant mitochondria can be acheived using proteins in 
reticulocyte lysate, wheat germ extract may contain soluble factors more 
homologous to those involved in plant mitochondrial protein import in vivo. 
In the light of this, import of precursor protein generated from pDS6-G5 RNA 
translated in wheat germ extract was assessed. These imports were performed 
identically as described previously except using 15 p.1 aliquots of translation 
products generated in wheat germ in place of reticulocyte lysate. Following 
import, mitochondria were reisolated and fractionated by electrophoresis 
through a 10% (w/v) polyacrylamide/SDS gel which was then enhanced by 
fluorography, dried, and exposed to X-ray film at -80 0C overnight. The 
resultant autoradiograph is shown in figure 5.2. There does appear to be a low 
level of binding of precursor to the mitochondrial surface during the 
incubation (track C), but no processing or translocation to a protease resistant 
location is observed (track D). Adding fresh reticulocyte lysate to the import 
reactions has no appreciable effect. There was possibly slightly more binding 
to the mitochondrial surface in the presence of the lysate (compare tracks C 
and F) but still no protection from added proteinase K (track E). This implies 
that the nature of the inhibition of in vitro import of protein synthesised in a 
wheat germ extract is not lack of appropriate factors in the extract, but more 
likely some feature of the extract which inhibits import. It remains to be seen 
whether this is a general consequence of generating precursor protein in a 
wheat germ translation system. Early indications are that other mitochondrial 
protein precursors (e.g. f subunit of tobacco F1-ATPase) will not import into 
isolated maize mitochondria from wheat germ extract either (C.Sarah, 
personal communication). This contrasts with the recently published results of 
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Figure 5.2 
Attempted import into isolated maize mitochondria of translation product 
synthesised in wheat germ extract programmed with pDS6-G5 RNA. 
Import reactions, including Ca. 200tg mitochondrial protein and 15j.fl of 
translation product in wheat germ extract, were incubated at 30 0C for 20 
minutes in the presence (tracks E+F) or absence (tracks C+D) of fresh 
reticulocyte lysate (15t1 per reaction). Duplicate import reactions were treated 
with Proteinase-K after reisolation of mitochondria, as described in chapter 2. 
Products were fractionated on a 10% (w/v) polyacrylamide/SDS gel, which 
was then enhanced by fluorography, dried and exposed to X-ray film for 16 
hours. 
Track A. 	 3j.ii translation product (=20% of amount 
added to each import reaction) 
Track B. 	 15j.0 translation product treated with 
Proteinase-K (250p.g/ml, 20C, 30 minutes) 
Track C. 	 Mitochondria reisolated from import reaction 
Track D. 	 Reisolated mitochondria treated with 
Proteinase-K 
Track E. 	 Mitochondria reisolated from import in the 
presence of fresh reticulocyte lysate 
Track F. 	 Mitochondria reisolated from import in the 










Whelan et al (1988), which document succesful import into isolated Vicia fab 
mitochondria and processing of precursor to the 9 subunit of F1-ATPase from 
Neurospora which had been synthesised using a wheat germ extract. 
5.2.3 Incubation of pDS6-G5 translation product with a crude matrix extract 
It has previously been shown (chapter 3) that yeast pre-COX IV is processed 
by a crude maize mitochondrial matrix extract supplemented with cobalt and 
zinc ions. However, treatment of the transcription/ translation product of 
pDS6-G5 with a similar extract showed no processing. Incubations were for 30 
minutes at 300C, and included 5tl aliquots of translation product synthesised 
in reticulocyte lysate and 0-15 p.1 of the crude matrix extract. A fifth sample 
included 15p.l extract and lp.M o-phenanthroline. Samples of yeast pre-COX 
IV translation product were treated identically, as a control for processing 
activity. Samples were fractionated through a 10% (w/v) polyacrylamide/SDS 
gel, which was then dried and exposed to X-ray film overnight at -80 0C. As 
the autoradiograph of this gel (figure) shows, there was no sign of any 
specific processing of ANT synthesised in the reticulocyte lysate by this extract 
(tracks F-H), whereas pre-COX IV was processed, as observed earlier (tracks 
B-D). There did appear to be some non-specific degradation of the ANT 
protein which was inhibited by o-phenanthroline (compare tracks D+E). The 
absence of specific cleavage of ANT protein synthesised from pDS6-G5 by the 
matrix extract is somewhat surprising in view of the fact that import of the 
ANT precursor apparently involves processing which is sensitive to o-
phenanthroline, a potent inhibitor of the matrix protease of yeast and 
Neurospora mitochondria. It is possible that maize mitochondria contain a 
distinct metallo-protease activity, with dependency upon ions other than Zn 2 
and Co2 , which is responsible for cleavage of ANT (at least during in vitro 
import). 
5.3 Expression of the 9 subunit of tobacco F1-ATPase in vitro 
A full length cDNA encoding the 9 subunit of tobacco F1-ATPase, including 5' 
and 3' untranslated regions, cloned into pDS6, was kindly supplied by Dr. M. 
Boutry, Louvain-le-Neuve. This clone was expressed in vitro using the pDS 
transcription/reticulocyte lysate translation system as described earlier. A 
single translation product of around 60kDal molecular weight (see figure 5.4 
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Figure 5.3 
Attempted processing by a crude maize mitochondrial matrix extract of ANT 
protein synthesised in vitro from clone pDS6-G5. 
5 1i1 aliquots of translation product synthesised in reticulocyte lysate were 
incubated at 30 0C for 30 minutes with 0-15jii of matrix extract, as described in 
chapter 2. A further aliquot was incubated with 15j.tl of matrix extract and 
1.tM o-phenanthroline, a chelator of metal ions which inhibits metallo-
proteases. 
5j.il aliquots of translation product synthesised from clone pDS-5/2-1-cox IV 
were incubated with 0-15il of matrix extract under identical conditions, as a 
control for processing activity. It has been shown previously (see figure 3.10) 
that pre-COX IV synthesised from pDS-5/2-1-cox IV is processed by an 
identical matrix extract under these conditions. 
Samples were fractionated through a 10% (w/v) polyacrylamide/SDS gel, 
which was dried and exposed to X-ray film for 12 hours. 
Track A. 	5.tl pre-COX IV translation product incubated in the 
absence of matrix extract 
Track B. 	5tl pre-COX IV translation product + 5p1 matrix 
extract 
Track C. 	5p1 pre-COX IV translation product + 10zJ matrix 
extract 
Track D. 	5i1 pre-COX IV translation product + 15jil matrix 
extract 
Track E. 51 pDS6-G5 translation product incubated in the 
absence of matrix extract 
Track F. 5jtl pDS6-G5 translation product + 5tl matrix extract 
Track G. 5p1 pDS6-G5 translation product + lOpJ matrix extract 
Track H. 541 pDS6-G5 translation product + 1541 matrix extract 
Track I. 5p1 pDS6-G5 translation product + 15jtl matrix extract, 
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track A) was synthesised. This protein was sensitive to digestion by proteinase 
K (figure 5.4 track B). The size of the labelled protein (track A) corresponds to 
that of the precursor to the 13 subunit of tobacco F1-ATPase (Boutry and Chua 
1985). 
5.4 Import and processing of tobacco F1-ATPase 13 subunit by 
isolated maize mitochondria 
Using conditions identical .to those described earlier for import of yeast 
cytochrome c oxidase subunit IV into isolated maize mitochondria, 15j11 
aliquots of [35-S]-methionine labelled F1-ATPase 13 subunit, synthesised in 
reticulocyte lysate, were incubated with maize mitochondria at 30 0C for 10 
and 30 minutes. Mitochondria reisolated from duplicate import reactions were 
treated with proteinase K and proteinase K + Triton X-100, as described 
earlier. In addition, import and protection from added proteinase K were 
assayed in the presence of valinomycin (5ng/p.l). Following import, 
mitochondria were reisolated, solubilised in SIDS and fractionated through a 
10% (w/v) polyacrylamide/SDS gel, which was then enhanced by 
fluorography, dried, and exposed to X-ray film at -80 0C overnight. The 
autoradiograph of this gel is shown in figure 5.4. Import of the precursor was 
accompanied by processing to a protein of around 52kDal (figure 5.4 tracks 
C+D), which is apparently similar to the situation in tobacco (Boutry personal 
communication), suggesting that maize and tobacco mitochondria have 
similar mechanisms for import of this protein. Import is apparently 
accompanied by translocation of the processed form to a protease protected 
site within the mitochondrion (tracks C and D). Upon solubilisation of the 
mitochondrial membranes with Triton X-100 the protection from added 
proteinase is abolished (track E). Inclusion of valinomycin in the import 
reactions (tracks I+J) abolished import from the bound state, suggesting that 
there is a dependence upon membrane potential for translocation following 
binding to the mitochondrial surface. The efficiency of import is lower under 
these conditions than in the case of yeast pre-COX IV which is imported very 
rapidly (see chapter 3), but higher than for ANT. After 10 minutes incubation 
a significant amount of unprocessed, protease-sensitive pre-13 was still 
associated with the mitochondria (track C), and even after 30 minutes there 
were detectable amounts of unprocessed precursor associated with the 
mitochondria (track F). This could be because the import conditions are sub- 
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Figure 5.4 
Import and processing by isolated maize mitochondria of precursor to the L 
subunit of F1-ATPase (pre-9) of tobacco. 
15j.xl aliquots of pre-f translation product in reticulocyte lysate were incubated 
in import reactions (ca. 200J.tg mitochondrial protein) in the presence (tracks 
I+J) or absence (tracks C-H) of valinomycin at 30 0C for 10 (tracks C-E) or 30 
(tracks F-J) minutes. Following reisolation of mitochondria, duplicate samples 
were treated with Proteinase-K or Proteinase-K and Triton X-100 as described 
in chapter 2. 
Products were fractionated by electrophoresis through a 10% (w/v) 
polyacrylamide/SDS gel, which was then enhanced by fluorography, dried 
and exposed to X-ray film for 16 hOurs. 
Track A. 3jil translation product (=20% of amount added to 
each import reaction) 
Track B. 1591 translation product treated with Proteinase-K 
(250 tg/ml, 20C, 30 minutes) 
Track C. Mitochondria reisolated after 10 minutes incubation 
Track D. Mitochondria reisolated after 10 minutes incubation, 
treated with Proteinase-K 
Track E. 	Mitochondria reisolated after 10 minutes incubation, 
treated with Proteinase-K and 1% (v/v) Triton X-100 
Track F. 	Mitochondria reisolated after 30 minutes incubation 
Track G. 	Mitochondria reisolated after 30 minutes incubation, 
treated with Proteinase-K 
Track H. 	Mitochondria reisolated after 30 minutes incubation, 
treated with Proteinase-K and Triton X-100 
Track I. 	Mitochondria reisolated after 30 minutes incubation in 
the presence of 5ng/pJ valinomycin 
Track J. 	Mitochondria reisolated after 30 minutes incubation in 
the presence of valinomycin, treated with Proteinase-K 
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FIGURE 5.4 
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Figure 5.5 
Processing of precursor to the B subunit of F1-ATPase of tobacco (pre-R) by a 
crude maize mitochondrial matrix extract. 
Incubations were at 30 0C for 30 minutes, as described earlier, and included 
15x1 of matrix extract and 5.il (track B) or 10ji1 (tracks C+D) of translation 
product in reticulocyte lysate, in the absence (tracks B+C) or presence (track 
D) of 1tM o-phenanthroline. A 5i.xl  aliquot of translation product was 
incubated in the absence of matrix extract to ensure that pre-13 is stable under 
these reaction conditions. 
Track A. 	 5jd of translation product incubated in the 
absence of matrix extract 
Track B. 	 5ji1 of translation product + 15.xl of matrix 
extract 
Track C. 	 lOjfl of translation product + 15jil of matrix 
extract 
Track D. 	 lOp.l of translation product + 15p.1 of matrix 
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optimal for L import, or to do with the specific characteristics of import of this 
precursor. In this respect, it is interesting to note that jfl
'
vitro import of pre-13 
into tobacco mitochondria is of comparable efficiency, whereas a fusion 
protein consisting of B targeting sequences (the amino-terminal 90 amino 
acids) attached to an easily assayed marker protein (Chioramphenicol acetyl 
transferase - CAT), was targeted to the mitochondria of transformed tobacco 
plants with sufficient efficiency to give no detectable CAT activity in the 
chioroplast or cytoplasm (Boutry, personal communication, and Boutry et al 
1987). 
Processing of the precursor to 9 subunit of tobacco F1-ATPase by the crude 
maize mitochondrial matrix extract for-30 minutes at 30 0C was assayed as 
described earlier. Reactions included 15p1 of extract and 5 or 10 il of 
translation product in reticulocyte lysate. o-phenanthroline was included at 
lpM in a parallel reaction including 10.xl of translation product. The products 
of each incubation were fractionated through a 10% (w/v) 
polyacrylamide/SDS gel which was then enhanced by fluorography, dried 
and exposed to X-ray film for 12 hours. The autoradiograph of this gel (figure 
.), shows that the crude matrix extract processes the in vitro synthesised 
precursor (tracks B+C) in an o-phenanthroline sensitive manner (track D). As 
observed during the in vitro import reaction, the processed form has an 
apparent molecular weight of 52kDal. 
5.5 Conclusions 
The results in this chapter confirm that in vitro import of plant mitochondrial 
proteins (adenine nucleotide translocator of maize and the 3 subunit of F1-
ATPase of tobacco) synthesised in a rabbit reticulocyte lysate translation 
system into isolated maize mitochondria is feasible, whereas import precursor 
synthesised in a wheat germ extract is not imported. In addition, a crude 
maize mitochondrial matrix extract can process in vitro synthesised precursor 
to the L subunit of F1-ATPase of tobacco, but not maize ANT. 
It will be necessary to optimise this in vitro plant protein import system 
carefully before meaningful comparisons can be made with mitochondrial 




Isolation and analysis of a maize cDNA clone 
encoding the .9 subunit of mitochondrial Fl- 
ATPase. 
6.1 Rationale 
It has now been established that isolated maize mitochondria can import and 
process authentic precursors of imported proteins from yeast (cytochrome ç 
oxidase subunit IV) and tobacco (the 13 subunit of F1-ATPase). In addition, it 
has proved possible to synthesise maize ANT protein i n yjtrp, and to import 
this into maize mitochondria. 
The pattern of import of ANT, reported in the previous chapter, is of 
particular interest for the following reasons: 
Import is apparently accompanied by processing, in contrast to 
import of ANT by fungal and animal mitochondria. 
o-phenanthroline, a chelator of metal ions, inhibits import of ANT 
into maize mitochondria, but a crude matrix extract supplemented 
with Zn2 and CO2  (which are required for activity of the matrix 
protease identified in yeast, N. cras, and maize mitochondria) 
will not process ANT precursor. 
Notwithstanding the fact that the precursor used for import into isolated 
maize mitochondria may differ from the authentic in vivo import precursor 
in its amino terminal sequence, these results are interesting, and warrant 
analysis of in vitro import of other maize proteins into isolated maize 
mitochondria. 
With this in mind, it was decided to screen a maize cDNA library for clones 
for F1-ATPase 13 subunit. This protein was selected for the following reasons. 
i) A full length Nicotiana plumbaginifolia cDNA encoding the 13 
subunit of F1-ATPase was available for use as a heterologous 
DNA probe for the maize cDNA. 
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In fungi, the 9 subunit of F1-ATPase is more representative of 
imported proteins than ANT in that it is targeted to the 
mitochondrion by a cleavable amino-terminal presequence 
(Vassarotti et al 1987, Pfanner and Neupert 1986). In contrast, the 
location of the targeting information in the ANT polypeptide is 
unclear. The tobacco precursor to the 9 subunit of F1-ATPase is 
also targeted by a cleavable presequence (Boutry and Chua 1987). 
The fact that import and processing of the tobacco precursor by 
isolated mitochondria from maize and tobacco share many 
characteristics implies that the maize and tobacco import 
mechanisms may be similar, and that the precursor of 9 subunit of 
F1-ATPase in maize is also probably cleaved during import. 
The F1-ATPase is an abundant inner membrane complex with an 
essential role in mitochondrial function. Plants are unique 
amongst eucaryotes in that at least one subunit of this complex (a) 
is mitochondrially encoded, making F1-ATPase biogenesis an 
excellent model system for studying the co-ordinate regulation of 
expression of the nuclear and mitochondrial genomes during 
plant development. 
6.2 Identification of maize F1-ATPase 9 subunit clones 
6.2.1 Titreing the maize cDNA library 
A ?NM1149 maize cDNA library made from poly-A+ RNA isolated from 60hr 
dark-grown maize endosperm was kindly supplied by S. Schwartz-Sommer, 
Koln. The library was supplied as an amplified suspension of 'phage in 10mM 
MgSO4. This suspension was titred, as described in chapter 2, using E. çli 
NM 522 as a host strain. NM 522 is mutated in the host gene whose product 
antagonises repression of lytic growth (Murray 1983) and hence growth of 
wild-type 'phage (which have an intact ci gene which encodes the protein 
responsible for repression of expression of ?. genes during lysogenic growth) is 
severely suppressed in this strain. 
The titre was determined to be 7x10 4 'plaque forming units' (pfus)/p.l of 
suspension (for growth in NM522), and of these >99% had a clear-plaque 
morphology, suggesting that the suppression of lysogenic growth of wild-type 
133 
'phage was working efficiently. 7x10 4 pfu/tl was taken to be the 
concentration of recombinants in the 'phage suspension. 	- 
6.2.2 Screening the library 
1x105 pfu were plated at a density of 70pfu/cm 2, using NM522 host strain. 
Following incubation at. 370C for 6 hours, nitrocellulose replicas of the plates 
were prepared and screened by hybridisation with an internal Nco1-1 
fragment of the Nicotiana plumbaginifolia I subunit cDNA (see figure 6.IA), 
which had been purified by electrophoresis onto DEAE membrane followed 
by elution, and radioactively labelled by the random primer method to a 
specific activity of 5x10 8 cpm/p.g DNA. 
Twenty-four putative hybridisation positives were identified from the 
autoradiograph of the probed nitrocellulose filters, and the corresponding 
regions of the bacterial lawn were isolated, replated at a density of ca. 3-4 
pfu/cm2, and rescreened with the same probe. One of the 24 was identified as 
a true hybridisation positive (see figure ), and was subjected to another two 
rounds of plaque purification to obtain a completely pure preparation of this 
recombinant, which was named c21. 
6.3 Characterisation of the cDNA clone c1 
6.3.1 Nucleotide sequence analysis 
DNA was prepared from liquid cultures of E . ccli ED8654 which had been 
lysed by infection with the purified c131 recombinant suspension followed by 
growth with vigorous shaking at 370C. ED8654 was used in preference to 
NM522 because it appeared to give better support to growth of the 
recombinant 'phage. NM 522 cultures often failed to lyse, and yielded only 
small 'phage pellets. The reason for this is unclear. 
A 20p.g aliquot of DNA prepared from clone c1 was digested with Eco Ri, 
releasing a fragment of 1.50 kb which was separated from the ?NM1149 arms 
by agarose gel electrophoresis and purified by further electrophoresis onto 
DEAE membrane. This purified fragment of DNA was digested with a variety 
of hexanucleotide recognition site restriction endonucleases of which R&I. 2, 
Barn Hi and Sma 1 all cut to give two fragments. These digests were 
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Figure  .....i. 
The Nco 1- Sal 1 fragment of the cDNA of p subunit 
of F1-ATPase of tobacco which was used as a probe 
for screening the maize NM  149 cDNA library. 
The entire coding region and 3 untranslated region 
of the tobacco cDNA, showing the Nco 1 and Sal 1 
sites used to generate the probe (A), and the gj.. 2 
site used for alignment with the maize cDNA(C). 
The maize cDNA, cf3l, showing the restriction endonuclease 
sites used to map this clone and align the sequence 
with the tobacco sequence (8). 
Sequencing strategy for cpl, aligned to the above map (C) 
showing cloning sites and extent of sequence obtained for 
each clone. 
= coding cDNA sequences. 
I 	I = non-coding cDNA sequences 
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Plaque purification of the single hybridisation positive (ciii)  obtained when 
the XNM1 149 maize cDNA library (see text) was screened by hybridisation 
with a radiolabelled Nco 1- Sal I fragment of the coding region of a cDNA 
encoding the J3 subunit of mitochondrial F1-ATPase from tobacco (see figure 
6.1A). 
A putative hybridisation positive identified from the screening of the library 
was replated at density of ca. 100 plaques per petri dish and rescreened by 
hybridisation of nitrocellulose replica filters with the same probe as used in 
the initial library screening. The nitrocellulose filters were washed, air-dried, 
and exposed to X-ray film for 48 hours at 80 0C. 30-40 plaques per plate 
hybridised to with the probe, identifying this as a true hydridisation positive. 
Twenty three other putative hybridisation positives from the library screening 
failed to hybridise with the probe when rescreened in this way. 
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separated by electrophoresis through a 1% (w/v) agarose gel which was then 
DNA blotted and probed with the same radiolabelled fragment as used in the 
initial library screening. The autoradiographof this blot is shown in figure 6.3. 
Both fragments generated by each of the three enzymes hybridise with the 
probe, and the sizes of the hybridising bands suggests that each enzyme cuts 
only once within the isolated insert. The products of the DZI 2 digest are of 
similar size (ca. 725bp and 775bp) and appear as a single broad band on the 
autoradiograph. 
The products of the double digestions with Eco RI and each of B&I 2, Barn Hi 
and Sma 1 were cloned into M13 mp18 to allow determination of the 
nucleotide sequence of cLii. This cloning procedure forces the orientation of 
insertion into the M13 vector to allow sequence to be read from the internal 
restriction endonuclease sites. Single stranded DNA was prepared from 
recombinant 'phage (identified by white plaque morphology in the presence of 
X-Gal and IPTG) and sequenced to confirm that cIi was indeed a cDNA 
encoding the 1 subunit of F1-ATPase. The Bo,,l 2 site of cLi corresponds to the 
gi 2 site in the tobacco cDNA, and by aligning the two cDNAs at this site 
(figure 6.IB+C) it became clear that the maize cDNA is not full-length, lacking 
over 500 bp of coding DNA at the 5' end. This was confirmed by 'shotgun' 
cloning the 61 insert into M13 mp18 using enzymes Hae 3, Alu 1 and S au  
3A, and sequencing the entire coding region of cIfl. The sequencing strategy is 
shown in figure 6.11). 
The cI1 sequence is shown in figure 	with the deduced amino acid 
sequence of the protein, and also in figure 6.5, aligned to the corresponding 
sequence of the tobacco cDNA. The numbers on the tobacco cDNA are relative 
to the ATG start codon. The homology between the two sequences is 85% 
within the coding region, which represents 164 mismatches out of 1101 bases, 
of which 149 are differences in the 3rd. base of codons, one is a 2nd. base 
mismatch and 14 are 1st. base mismatches. The significance of these 
mismatches is shown in Table 6A. 
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Figure 6.3 
Characterisation of the cDNA clone 61 by restriction endonuclease mapping 
and DNA blotting. 20ig of cIi DNA was digested with Eco Ri and 
fractionated by electrophoresis through a 1% (w/v) agarose gel. The insert 
was purified and aliquots of Ca. 200ng were digested with Barn Hi, Srna 1 
and BZI 2. The products of these digestions were fractionated alongside the 
purified Eco Ri insert through a 1% (w/v) agarose gel which was then blotted 
to nylon membrane and probed with the Nco 1- Sal 1 region of the cDNA 
encoding 9 subunit of F1-ATPase of tobacco (see figure 6.1A) which had been 
used as a probe to isolate 61. 
The probed blot was exposed to X-ray film for 48 hours. 
Track A. 	 Eco Ri- Eco Ri insert of c91 (ca. 200g) 
Track B. 	 Insert digested with BZ1 2 (ca. 200j.i.g) 
Track C. 	 Insert digested with Sma 1 (ca. 200 jig) 
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A 	B 	C 	D 
• 580 CCTATTCATCGTGAAGCCCCTGCCTTTGTTGAGCAGGCCACTGAGCAGCAAATTCTTGTTACTGGAATCAAGGTCGTGGATCTTCTTGCACCATACCAGAGGGGT 684 
P1 H R E A P A F V E Q A T E Q 	I L V T G I K V V D L LAP Y Q R G 
685 GGAAAGATTGGCCTGTTCGGTGGTGCAGGAGTGGGTAAAACTGTGCGCATCATGGAGTTGATCAACAATGTTGCTAAGGCCCATGGTGGTTTCTCTGTCTTTGCT 789 
G K I G L F G G A G V G K T V L I ME L 	N N V A K A H G G F S V F A 
790 GGTGTTGGAGAACGTACCCGTGAAGGTAATGATCTGTACAGGGAAATGATTGAAAGTGGTGTCATTAAGCTAGATGACAAGCAGAGCGAAAGCAAGTGTGCTCTT 894 
GVGERTREGNDLYREMI ES G V I K L D D K Q S E S K C A L 
895 GTTTACGGGCAGATGAATGAGCCCCCGGGTGCTCGTGCTCGTGTTGGGTTGACTGGTTTGACTGTTGCTGAACATTTCCGTGATGCTGAAGGACAGGAC6TGCTT 999 
V Y G Q M N E P P G A R A R V G L T G L T V A E H F R D A E G Q D V L 
1000 CTGTTTATTGACAACATTTTCCGTTTTACTCAGGCTAACTCTGAGGTGTCTGCTCTTCTTGGACGTATCCCATCTGCTGTGGGATACCAGCCAACCTTGGCCACT 1104 
L 	I D N I F R F T Q A N S E V S A L L G R I P S A V G Y Q P T L A T 
1105 GATCTTGGAGGACTGCAAGAGCGTATTACGACAACAAAGAAGGGTTCTATTACATCTGTGCAGGCCATCTACGTGCCTGCCGATGACTTGACGGATCCTGCTCCT 1209 
D L G G L Q E R I T T T K K G S I T S V Q A I Y V P A D D L T D P A P 
0 
1210 GCTACTACCTTTGCCCATCTTGATGCTACAACTGTGTTGTCACGACAGATCTCTGAGCTTGGTATTTATCCTGCTGTTGATCCACTGGATTCCACATCAAGAATG 1314 
AT T F A H L D A T T V L 5 R 	IS EL G I Y P A V D P L 	ST S R  
1315 CTTTCTCCCCACGTGCTGGGTGAGGATCATTACAACACTGCTCGTGGTGTGCAGAAGGTTCTTCAGAACTACAAAAATCTTCAGGATATTATTGCTATCTTGGGT 1419 
L S P H V L GE D H Y N T A R G V Q K V L Q N Y K N L Q D II A IL G 
1420 ATGGATGAGCTCAGTGAGGATGATAAGCTGACAGTCGCCCGTGCACGTAAAATCCAAAGGTTCCTGAGCCAGCCTTTCCATGTCGCTGAAGTTTTCACGGGTGCT 1524 
MD ELSE D D K 	T V A R A R K I Q R F L S Q 	F H V A E V F T GA 
1525 CCAGGAAAGTATGTGGAGCTGAAGGAAAGCGTGAAGAGTTTCCAGGGTGTTTTGGATGGGAAGTATGATGACCTCCCTGAGCAGTCATTCTACATGGTTGGTGGC 1629 
P G K Y V E L K E S V K S F Q G V L D G K Y D D L P E Q S F Y N V G G 
1630 ATTGAGGAAGTCATTGCTAAGGCTGAGAAAATTGCCAAGGAGTCTGCTTCATAAGGAGGCTTCTGCTTGTTCAACCCTGTACAG 1713 
I E E VI A K A E K lAKE SA S X 
Figure 6.4 Nucleotide sequence of the entire coding region of cbl, with the predicted amino acid sequence 
aligned. Numbers are base pairs relative to the ATG start of the corresponding tobacco cDNA. 
The translational stop codon is marked with an X. 
580 CCTATTCATCGTGARGCCCCTGCCTTTGTTGRGCAGGCCACTGAGCACCRARTTCTTGTTACTOGARTCAAGGTCGTGGATCTTCTTGCACCATACCRGRGGGGT








790 GGTOTTGOAGARCOTACCCGTGRAGGTHRTGATCTGTACAGGGAAATGATTORAHOTGGTOTCHTTAAGCTHORTGHC AAGCAGAGCOHRROCAAGTOTOCTCTT 








1000 CTGTTTATTOACAACATTTTCCGTTTTACTCRGGCTAACTCTORGOTOTCTGCTCTTCTTGGRCGTATCCCRTCTGCTGTGOGATACCAGCCflACC TTOOCCACT 
IIIIIIIIIIIIIIIIII 	II 	IllIllIllIllIll 	IllIllIltIlIllIll 	II 	II 	II 	11111 	11111 	II 
1104 
II 	11111111111 	HIM 
CTCTTTATTGACAATATTTTCAGGTTTACTCAGGCTRACTCAGAAGTGTCTGCTTTGCTTGGTCOTATCCCHTCTOCTGTCGGTTATCAACCAACTTTOOCTACO 
1105 CATCTTGGAGOACTGCAAGAGCGTATTACOACARCAARGAAGGGTTCTRTTHCATCTOTOCAGGCCRTCTACGTOCCTOCCGATOACTTOACGGATCCTOCTC CT 






 GCTACTHCCTTTOCCCHTCTTORTOCTACARCTOTGTTGTCACGHC~ GHTCT~ TGAOCTTGGTATTTATCCTOCTGTTORTCCACTOORTTCCA CATCAAGAATG 




fill 	11111111 	11111 	11111111111 	11 	11111 	11111111 	11111111 	11111111 	11111111111111 	111111 
1419 
11 	11 	11 	111 	1 
CTCTCGCCTCACATTTTGOGAGRGORTCACTflCflRTACTOCTCOTGOOGTACAGRAAOTTCTTCAAARCTACARGAATCTTCARGATATTATTOCTATTTTGOOT 
1420 RTGGRTGAGCTCAOTGAGGATOATRAOCTGHCAOTCOCCCGTGCRCGTHAAATCCAHAGOTTCCTOflOCCROCCTTTCCATOTCGCTGAROTTTTCACOGOTGCT





II11III11II1IIIIIIIII11111II111III1111111IIII1I 	IiiiiiIIiiIIIIIllItIIII IIiitIIIIIiIIlI 
1629 
CCTOGAAAGTATOTCGHCTTORAGORGAGCATTAACAOTTTCCRGGGAGTGTTOGATOOCAAATATORTOACCTTTCAGROCARTCOTTTTATATOOTTOOTOGA 
1630 ATTGIRGGAAGTCATTOCTAAOGCTGFtGflRAATTGCCflROGAOTCTGCTTCRTAAGGAGGCTTCTGCTTGTTCAACCCTGTACAG 1713 
11111111 	11 	11 	11111 	11111111111 	111111 	1 	TF 	if 	I 	I 	I II 11 	11 	11 
ATCGACGAGGTCATTOCCAAAOCAGAGAAGATTOCCAAGGAATCTGCTGCCTAGATAGATTATAAAOTTCTGTGACTTTCTTTT 
Figure 6.5 Alignment of maize cbl sequence (top) to the corresponding region of the cDNA sequence 
of F1-ATPase beta subunit from tobacco. Numbers are base pairs relative to the tobacco ATG start. 
The common Bgl 2 site is boxed and the translational stop codons underlined 
Table 6A. 
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Mismatches within the 3' 1101 coding base pairs of maize and tobacco I 
subunit cDNA sequences. 10 of the 14 codons with first base mismatches, and 
the codon with a second base mismatch, also have third base mismatches. 
The nine expressed mismatches give a total homology at the amino acid level 
of 97.5%. Such a high degree of homology is unsuprising given the fact that 
F1-ATPase 9 subunit sequences from a number of sources including 
procaryotes, mitochondria and chioroplasts, are very highly conserved at the 
amino acid level (Saltzgaber et al 1983, Runswick and Walker 1983, Shinozaki 
et al 1983). This is illustrated in figure 6.6, which shows the alignment of the 
maize, tobacco, bovine and yeast mitochondrial sequences with the maize 
chioroplast sequence. The boxed regions represent amino acids which are 
conserved at least between the four mitochondrial proteins. Many of these 
conserved amino acids are also identical in the chioroplast enzyme. 
The differences between the maize and tobacco sequences, which are 
highlighted with asterisks, mostly fall in regions of the protein which are less 
stringently conserved between species. The residues Tyr-276, Glu-278, Lys-
382, Ile-385, Tyr-392 and Tyr-449, all of which have been identified as 
potentially important for ATPase activity by a variety of chemical 
modification, affinity and photoaffinity labelling techniques, and which are 
conserved in all F1-ATPase 9 subunit sequences derived to date, are also 
conserved in the maize protein (Ho and Wang 1983; Yoshida et al 1982, Bitar 
1982, Andrews et al 1984, Hollemans et al 1984). 
6.3.2 Codon usage 
Whilst the divergence of the amino acid sequences of F1-ATPase 2 between 
various sources is apparently very low, the nucleotide sequences of the maize 
and tobacco cDNAs do show a substantial number of silent differences (see 
table 6A), and this appears to be somewhat due to the different preferences for 
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A P I H R E A P A F U E Q A I E Q Q I L U I C I K U U 0 L L A P V 0 A 6 G K I 6 L F C C A 6 V 	K I U L 	Ii 
	
5 P I H A E R P A F U E Q A I E Q 0 I L U I C I K U U 0 L L A P V Q A C C K I 6 L F C 6 A 6 U 6 K I U L 	Fl 
C A I H A ER P E F U Eli SUE Q  EL L U 160K U U 0 L LAP YAK 66K I CL FCC AG U 6K 1 U F 	Ii 
0 	 6 K I U F  	Fl 
E P I HASAPAF I ELOTKLS I FF161 KUUDLLAPYRAGGK I 6LFG6A6U6LTULJJ_ 
ELIHNUAKRHGGFSUFRGUGERTREGNDLYAEI 1 IESGUIIKLDOKQSESKCAL. 0 
ELIMHURKAHCGFSUFACUGERTREGNDLVRErIIESGUIIKLGEKQSE5KCALU 
ELINNUAKAHGGYSUFAGUGERIAEGHOLYHEF1IESGUIIHLKOAT -- SKUALU 
EL I N N I A K H  66 VS U F A CU GE AIR E C N DLV H Eli ED SC UJJM LEG - - - ES K U A L  
EL I MM I jfqL H 66 US U FII1C U GE RI A ECHO I Y 	Eli K E S C Ulu ME K N I E - ES LU AL.0 
V 6 0 11 N E P P 6 A A A A UIG L 1 6 L I U A E H F A 0 AlE 6 Q 0 U L L F IIO N I F A F 1 Q  A N S E U S A L 
V 6 0 Ii H E P P 6 A A R A U 6 L 1 6 L T U A E H F A 0 R 	6 0 0 U L L F I 0 H I F A F 1 Q A N S E U S A L 
V 6 Q Fl H Q P P 6 A A A A U A L 1 6 L I U A E V F A 0 0 	6 0 0 U L L F I 0 H I F A F 1 Q A 6 S E U S A L 
FLQ  QACSEUSRL 
VGQI1MEPPGARMAUGLTALTF1AEVFADUHKQOULLFIOHLFRFUQACSEUSAL 
L 6 A I P S A U C V 0 P 1 L A ilo L C C L 0 E A I I T T K K 6 S I I S U 0 A I V U P A 0 0 L TOP R 	A i 
L GA I PS AUG V OPT LAID L CCL 0 ER I 111K K CS I IS U OR I VU PROD LTD P R 	AT 
L G R I PS AUGYOP IL AT H  61 M  ER III T K K CS ITS V 	I VUPAOD LID P R 	AU 
LGA 	PSAUGYQPTLATOI1CLL0EAITITKKGSIISU0AUYUPAOOLT 	PSIPST 
L 6 A Ii P S A U 6 V0 P 1 L S I E Fl C S L 0 E R I T[1JEi1C S I I S L 0 A U V U P A 0 0 L I N P Rl A I 
I F A H L 0 A I I U L S A 0 I S E L 6 I V P A U 0 P L 0 S I S A Ii L S P H U L 1E 0 I]M  I A A C U 0 K U 
TFRHLOATIULSRO I S E L G I YPAUOPLOSTSRI1LSPH I LCIEDHVIMT ARGUOKU 
I F A H L 0 A I I U L S A A I. A E L 6 I V P A U 0 P L 0 S 1 6 A I Fl H P H I U 615 E H Yb 	U A A 6 U 0 K I 
S F A H L 0 A S S U L S A C I S E L C I V P A U 0 P L 0 S K S A L L 0 A A U U 610 E H Y 	U A S K U_9 E I 
I F A H L 0 A I I U L S A C L A i1G I V P A U 0 P L 0 S I S I Ii L 0 P A I U 6JN E HJE I A Q A JK E I 
LQHVKNLQOI IA I LGF1OELSEOOKLIURAAAK I QRFLSQPFHUAEUFTGAPGK 
LQHYKFILQOI IA I L6flOELSEOOK11URRARK I QAFLSQPFHUREUFTCRPGK 
LQQVKSLQO II Al L6I1OELSEEOKLIUSRRRK I QRFLSQPFQUREUFT6HLCK 
LQDVKSLQOI IA I L6OELSEQO LIUERRRK I AFLSQPFAUAEUFTC I P G K 
L 	TVKSLQOI IA I L6LOELSEEOALIURRRRK I ERFLSQPFFUREUFTCSPGK 
YUELKESUKSFQGULOGKYODLPEQSFYr1UGG I EEUIAKREK IAKESRS 
VUOLKESIHSFOGULOGKYOOLSEQSFVF1UGG IOEUIAKAEKIAKESAR 
LUPLKEI IKGFQQILAGEYOHLPEQAFVI1UGP IEEAUAKAOKLAEEHS 
LURLKATRCLFKAULECKYOMIPEHRFYI1UGGIEOUUAKAEKLA 
VUGLAETIAGFQLILSCE 	OGLPEQAFYUGHIOEASTKAI 	L 	EESRLKK 
Figure 6.6. A comparison of the amino acid sequences of the beta subunit of F1-ATPase from 
maize mitochondria (A), tobacco mitochondria (B), bovine mitochondria (C), 
yeast mitochondria (D) and maize chioroplast (F). Residues which are identical, 
at least between the four mitochondrial polypeptides, are boxed. 
Numbers are amino acid residues from the amino terminus. 
Asteriks denote differences between the maize and tobacco (mitochondrial) sequences. 
codon usage displayed in these two species. The relative number of codons 
with each of the four bases in the 3rd. position is shown in Table 6B. 
Table 6B 
3rd Base in codon 	Frequency 
Maize 
A 	 49 (13%) 
6 94 (26%) 
C 	 66 (18%) 







Comparison of distribution of 3rd. bases in codons over the 3' 1101 coding 
base pairs of maize and tobacco f. subunit cDNAs. 
Both species favour T in the third position, but show significant differences in 
the frequencies of A and G as third bases. This difference is exemplified by the 
distribution of codons for glutamine residues within the two genes which is 
highlighted in the codon usage table shown in figure 6.7. The avoidance of 
CTG codons in the tobacco gene, a feature noticed by Boutry and Chua (1985), 
is also highlighted in this figure. Maize does not appear to demonstrate such 
an avoidance of CTG codons. 
The maize ANT genes show a similar bias for CAC codons over CAA, with 
pANT-i having nine out of ten glutamines specified by CAG, and against A in 
the third position in general (25 out of 313 codons =8%) (Baker 1985). 
The significance of codon bias may be related to the relative abundance of the 
corresponding tRNAs in the cell. It has been suggested that relative tRNA 
concentrations may drive the accumulation of silent mutations which deplete 
the gene of codons corresponding to rarer tRNA species, whose recruitment 
may slow the rate of translational elongation. In yeast, all genes are biased 
towards a subset of 25 codons which correspond to the most abundant tRNA 
species (Bennetzen and Hall 1982). The degree of biasing varies from around 
20% to over 90%, and is related to the level of expression of the gene. For 
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NT liT FiT MT 
AAA (Lys) 4 	8 AGA (Arg) 	1 	1 ACA (Thr) 6 7 AlA (lie) 0 0 
RAG (Lys) 16 	11 AGO (Arg) 3 2 ACG (Thr) 3 2 ATG (Met) 6 7 
ARC (Asn) 5 	4 AGC (Ser) 	4 	3 ACC (Thr) 3 5 ATC (lie) 8 7 
ART (Asn) 4 	6 AGT (Ser) 3 	4 ACT (Thr) 10 8 AlT (lie) 15 18 
CAR (Glu) 	11 	12 OGA (GIg) 	10 	8 GCA (Ala) 	3 	4 CIA (Val) 	0 	2 
GAG (Glu) 	15 	13 666 (Gly) 3 4 GCG (Ale) 	0 	1 GIG (Val) 14 	8 
GAC (Asp) 	5 	5 GGC (Gig) 	2 	2 6CC (Ale) 	10 	9 GIC (Val) 	5 	9 
CAT (Asp) 	17 	17 GGT (Gig) 	19 	21 OCT (Ala) 	21 	21 GIl (Val) 12 	10 
CAA (Gin) 	3 	13 CGA (Arg) 	1 	3 CCR (Pro) 	5 	6 CTA (Leu) 	1 	2 
CR6 (Gin) 	16 	6 - CGG (Arg) 0 	0 CCG (Pro) 1 0 ICIG (Leu) 9 	1 
CAC (His) 1 4 COC (Arg) 	0 	1 CCC (Pro) 	2 	1 CIC (Leu) 	3 	3 
CAT (His) 	6 	3 COT (Arg) 	12 	10 CCI (Pro) 	8 	8 CIT (Leu) 13 	16 
TAR (Stop) 	1 0 IGA (Stop) 	0 	0 ICA (Ser) 	1 	2 hA (Leu) 	0 	0 
TAG (Stop) 	0 	1 166 (Trp) 0 	0 TCG (Ser) 	0 	2 116 (Leu) 8 	11 
TAC (Tyr) 8 	4 TGC (Cgs) 	0 	0 ICC (Ser) 1 2 TIC (Phe) 	9 	7 
TAT (Tyr) 	3 	7 161 (Cys) 1 1 TCT (Ser) 	9 	8 ITT (Phe) 5 	7 
Fiourp 67. 
Codon usage table for maize (M) and tobacco (T) cDNAs encoding 
mitochondrial F1-ATPase beta subunit. The compared sequences 
encode amino acids 194-560 relative to the amino terminus. 
The relative frequencies of codons CAA and CAG (glutamine) and 
CTG (leucine) are boxed 
instance, alcohol dehydrogenase, a highly expressed gene, has 96% of its 
amino acids specified by these 25 codons. Replacement of codons with 
synonymous codons corresponding to rarer tRNA species in the highly 
expressed yeast phosphoglycerate kinase gene has been shown to reduce rates 
of translation of the corresponding mRNA, and also to reduce steady state 
mRNA levels, presumably through increasing instability of the message due 
to slower translation (Hoekama et al 1987). 
The prevalence of biased codon usage in maize genes is not yet sufficiently 
well established to allow comparison to the situation in yeast. The two cloned 
genes encoding mitochondrial proteins do share a similar framework of codon 
usage, and an avoidance of A in the 'wobble' position. This general pattern is 
also evident in a number of other maize nuclear genes, including those 
encoding actin (11% A in the wobble position), alcohol dehydrogenase (10%), 
sucrose synthase (9%) and histones (<1%) (Aota et al 1988). However, the 
highly expressed family of zein storage protein genes display only very slight 
codon bias (Campagno et al 1987), suggesting that biasing is less rigorously 
coupled to levels of expression in maize as it is in yeast. 
6.4 Rescreening the library 
The c21 insert was used as a probe to rescreen the library for further is subunit 
clones, but this only resulted in the isolation of another 4 clones identical to 
c21. These are presumably siblings generated during amplification of the 
library, and derived from the same original cloning event. It was concluded 
that there were no full length clones corresponding to c131 in the library. 
6.5 Genomic DNA blot analysis. 
A genomic DNA blot of 10 'g aliquots of maize DNA digested with Barn Hi 
and Hind III was prepared as described in chapter 2. A probe identical to that 
used in the library screening was radiolabelled by the random priming 
method to a specific activity of 4 x10 8 cpm/i.g, and hybridised to the blot. The 
probed blot was exposed to X-ray film for seven days and the resultant 
autoradiograph is shown in figure 6.8. Hybridisation is restricted to a single 
Hind III fragment of 12.1kb, implying that the maize 1 subunit gene is 
probably single-copy. This is supported by the fact that two Barn Hi 





A B 	C 
Figure 6.8 
Identification of restriction endonuclease fragments within the maize genome 
with homology to the cDNA encoding the L subunit of mitochondrial F1-
ATPase of tobacco. 
10ig aliquots of maize nuclear DNA were digested with HindlI1 and BarnHI 
and fractionated alongside a 10p.g aliquots of undigested maize nuclear DNA 
by electrophoresis through a 1% (w/v) agarose gel. This gel was DNA blotted 
and probed as described in chapter 2. the probe used was the Nco 1- Sal I 
region of the cDNA encoding f subunit of F1-ATPase of tobacco (see figure 
6.1A) which had been used as a probe in the original library screening, 
labelled to a specific activity of 4 x 10 8 cpm/ig. 
The probed blot was exposed to X-ray film for 7 days. 
Track A. 	 10ig DNA digested with TidIII 
Track B. 	 lOj.tg DNA digested with BamHl 
Track C. 	 lOp.g undigested DNA 
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sequencing data that c21 DNA contains a Barn Hi recognition site. It is 
possible that other copies of the 2 subunit gene exist but are not detected by 
this hybridisation, but this seems unlikely given that the homology between 
the sequenced tobacco and maize cDNAs is only 85% at the nucleotide 
sequence level, suggesting that the stringency of hybridisation conditions used 
for this blot would allow detection of other copies of the gene, even if they 
showed considerable divergence from the tobacco cDNA sequence. 
6.6 Conclusions 
c21 represents a truncated cDNA clone for maize F1-ATPase 2 subunit. The 
nucleotide sequence has 85% homology with the corresponding region of the 
tobacco cDNA, with the vast majority of the differences being silent changes in 
the wobble base of the codons, reflecting the different codon usage preferences 
in the two species. At the amino acid level, the homology is 97.5%, which is 
consistent with the high degree of conservance seen in the sequence of this 
subunit between procaryotic, chloroplast and mitochondrial ATPases. 
This clone is not suitable for cloning into expression vectors for in 
expression with a view towards import studies since it lacks regions coding 
for the amino terminal sequences presumably responsible for targeting. 
However, it is being used to screen other maize cDNA libraries to isolate 
further clones, which will hopefully be full length. 
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CHAPTER 7 
GENERAL DISCUSSION AND FUTURE 
DIRECTIONS 
7.1 Summary of results. 
The major conclusions of the experiments described in chapters 3-6 can be 
summarised as follows. 
An in vitro coupled transcription/ translation system has been 
established for the routine production of radiolabelled protein 
from pDS expression clones. Transcription was catalysed by E. 
coli RNA polymerase, and monitored by RNA blotting followed 
by hybridisation with specific radiolabelled DNA probes, or by 
inclusion of radiolabelled UTP in the reaction followed by 
fractionation of transcripts by agarose /formaldehyde gel 
electrophoresis. RNA was translated in rabbit reticulocyte lysate 
in the presence of [35-S]-methionine, with the products being 
analysed by SDS-polyacrylamide gel electrophoresis. The location 
of radioactive molecules on the RNA blots and within the gels was 
determined by autoradiography. 
A pDS6 clone containing cDNA and genomic sequences encoding 
the maize adenine nucleotide translocator (ANT) was constructed. 
Expression in the above system generates a major translation 
product of ca. 31kDal apparent molecular weight, as estimated by 
mobility through SDS/polyacrylamide gels, which was 
immunoprecipitated by antisera raised against the native ANT 
isolated from maize mitochondria. 
Precursors of the nuclear encoded proteins cytochrome ç  oxidase 
subunit IV (from yeast) and the :B subunit of F1-ATPase (from 
tobacco), as well as maize ANT, were synthesised in the above 
system, and subsequently imported into isolated maize 
mitochondria. Import was characterised by proteolytic processing 
of these precursors and translocation to a proteinase-K protected 
location. Solubilisation of the mitochondrial membranes with 
Triton X-100 abolished resistance of imported protein to digestion 
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by proteinase K. Translocation across the mitochondrial 
membranes, but not binding to the mitochondrial surface, was 
shown to be dependent upon the existence of a potential gradient 
across the mitochondrial inner membrane. Collapse of this 
gradient with the potassium ionophore valinomycin inhibited 
import from the bound state. 
iv) A cDNA clone encoding the 14 subunit of F1-ATPase, c141, was 
isolated from a maize cDNA library, and characterised. This clone 
is not full-length, and hence unsuitable for in vitro expression 
and import studies. It does however represent a homologous 
probe for screening other maize cDNA and genomic libraries with 
a view towards isolating other clones encoding amino terminal 
regions not represented in c141, which will allow investigation of 
the targeting of this protein to the mitochondrion. A maize cDNA 
clone with homology to amino terminal sequence of the tobacco 14 
subunit of F1-ATPase cDNA has recently been isolated in our 
laboratory (B.Bathgate, personal communication), and it is hoped 
that sequencing of this' clone will reveal it to be a full length 
version of c141. 
7.2 The influence of sequences 5' to the open reading frame on 
in vitro expression of cDNA and genomic clones encoding 
maize ANT. 
Various pDS constructs were made in attempting to achieve in vitro 
expression of ANT. Three contained uninterrupted reading frames including 
at least one of the two possible ATG translational start points. These two ATG 
codons will be refered to as ATGa (distal to the coding region) and ATGb 
(proximal to the coding region). These three clones behaved very differently to 




CLONE 	5' UNTRANSLATED REGION 
	
IN VITRO PRODUCT 
	
CC TAIL UPSTREAM ATGs RNA PROTEIN 
pDS6-pANT-1 	Yes 	 No 
	
No 	No 
pDS6-G3 	No Yes Yes No 
pDS6-G5 No 	 No 	 Yes 
	
Yes 
Expression of ANT open reading frames in three pDS constructs. 
These differences are probably largely attributable to the various DNA 
sequences the three clones have between the promoter and the start of the 
ANT open reading frame. pDS6-pANT-1 has a CG tail followed by only two 
nucleotides prior to ATGb (see figure 4.1A). It is possible that the 
homopolymer tail assumes some secondary structure which prevents 
'transcriptional readthrough' by the RNA polymerase, although inhibition of 
in vitro expression by CG tails of a cDNA encoding the storage protein zein 
cloned into an sp6 expression vector has been attributed to a translational 
block, with transcription and capping of the mRNA apparently unaffected 
(Galili et al 1986). 
The clone pDS6-G3 did transcribe with reasonable efficiency, but when this 
RNA was translated the only detectable translation products were equivalent 
to those synthesised in the control reaction without RNA. This apparent 
inhibition of translation could be accounted for by the complex pattern of ATG 
triplets in the region between the promoter and the translational start point of 
this clone, as mentioned in section 4.4.4. In a review of 211 eucaryotic mRNA 
5' untranslated regions, Kozak (1984) calculated that 95% of the mRNAs in her 
study contained no ATG triplets before the one which specifies the 
translational start point, although this study included only 6 plant genes. A 
similar conclusion was reached by Joshi (1987) in an analysis of 79 transcribed, 
untranslated 5' regions of plant genes. Translation of the mRNAs of 92% of 
these genes is initiated at the first ATG of the mRNA, indicating that in plants 
as well as other eucaryotes, bypassing of ATGs by the 'scanning' 40S 
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ribosomal subunit is not a common feature. Similarly, in vitro translation 
systems tend to favour initiation at the first ATG of the mRNA, although some 
translational initiation at internal ATG codons is seen in some instances 
(Kozak 1986). 
In attempting to deduce the probable interactions which allow transcription of 
ANT genes in vivo a number of factors must be taken into account. Firstly, 
the translational start point has not been unequivocally determined. It seems 
highly likely that either ATGa or ATGb (see figure A) encodes the initiator 
methionine, though to prove this will require amino terminal protein 
sequencing of ANT protein synthesised in vitro from mRNA isolated from 
polysomes. Sequencing of the native ANT isolated from mitochondria has 
already been attempted without success, because of a blocked amino-terminus 
(C.J.Leaver, personal communication). Identification of the transcriptional 
start points of the maize ANT genes Cl and G2 might also help determine the 
location of the start of translation. The cDNA clone pANT-i is almost certainly 
not a full length cDNA, being only 2 bases longer than the shorter of the two 
possible open reading frames, so isolation of another cDNA, of full length, will 
be necessary to categorically identify the start of transcription. Preliminary 
primer extension and Si nuclease protection experiments (B.Bathgate, 
personal communication) indicate that transcriptional initiation occurs 
approximately 200 bases 5' of ATGa. This implies that the scanning ribosomal 
subunit will indeed have to encounter 'cryptic' ATGs before initiating 
synthesis of ANT protein, although the existence of an intron in the 5' 
transcribed, untranslated region of the mRNA cannot be ruled out at this 
stage. 
Another important consideration concerns so-called 'consensus sequences' 
around ATG codons. It has been suggested (Kozak 1984, Joshi 1987) that the 
sequences immediately 5' and 3' to ATG codons may influence the likelihood 
of initiation by the scanning 40S ribosomal subunit. Kozak (1984) defined 
CCACCATGG as the optimal sequence for initiation of translation, with the 
purine (usually A) at -3 particularly important. Joshi (1987), however, 
produced a different consensus sequence of TAAACAATGGCT as optimal for 
plant genes. A good deal of discretion must be used in the application of these 
sequences. The plant consensus sequence was derived mainly from genes 
belonging to a small number of gene families (e.g. RUBISCO small subunit, 
chlorophyll a/b binding protein (Cab), storage proteins), and hence is not 
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particularly representative of the plant genome as a whole. Also, different 
groups of proteins show different preferences in certain positions relative to 
the ATG. 100% of RUBISCO small subunit and Cab genes sequenced have G 
and C in positions +4 and +5 respectively. This not only distorts the consensus 
regarding its applicability to genes outside these families; but also diverts 
attention from the fact that differences in sequences around ATGs may be 
more revealing than similarities, within the context of regulation of gene 
expression. It is revealing to note that the sequence around the ATG which 
encodes the amino-terminal methionine of the 9 subunit of mitochondrial F1-
ATPase in Nicotiana plumbaginifolia (Boutry and Chua 1985) agrees exactly 
with the Kozak CCACCATGG, rather than with the Joshi sequence. 
The suggested ways in which upstream ATGs in the 5' untranslated regions of 
eukaryotic mRNAs may be tolerated are: 
Bypassing of the ATG by a significant proportion of the scanning 
40S ribosomal subunits. This requires that the ATG is in a sub-
optimal consensus sequence, and is a mechanism apparently used 
during expression of a number of viral genes to allow production 
of two proteins from a single open reading frame (Kozak 1986). 
Reinitiation of translation by the scanning 40S ribosomal subunit. 
This may be possible providing that the upstream ATG initiates an 
open reading frame which terminates prior to the authentic ATG 
start point. The implication is that ATGs tolerated in this manner 
will be within a favourable sequence context for initiation by the 
ribosome. 
Bearing these points in mind, and analysing the region immediately 5' to the 
coding DNA of the maize ANT gene Gi, the most likely scenario for 
translation of GI mRNA would involve initiation at the ATG at -174 (see 
figure ZD. This ATG lies within the sequence GCAATGGC which is in 
reasonable good agreement (6 out of 7 matches) with the Joshi consensus 
sequence mentioned above. It also initiates an open reading frame whose 
translation would allow the ribosome to pass the other three ATG triplets 5' to 
ATCa. Reinitiation of translation at ATGa (position 1, figure ZJ), which is also 
in a reasonably good context sequence of GCAATGTCT, would allow 
synthesis of ANT protein. 
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A AT 6 Id GTTA GC 661 GOC RICA ATO TCCCA GTG ATGC AGA CC CCGC 
-4 
Figure 7.1 Nucleotide sequence of the 5 untranslated region 
of the ANT gene G1. Should transcription start at 
ca. -200bp relative to the start of the open reading 
frame, as indicated by Si nuclease and primer extension 
data, the first ATG encountered by the scanning 
ribosomal 40S subunit would initiate translation of a 
short upstream reading frame (). The first ATG 
following termination of translation of this reading 
frame is 4TGa (position 1) which is the start of the 








Nucleotide sequence of the 5 untranslated region 
of the ANT gene 62. In contrast to 61, the open 
reading frame which initiates at -174 does not 
extend far enough to include all the 4TG codons 
in the 5 untranslated sequence. This reading 
frame (), and the reading frame corresponding 
to ANT (E1) are shown aligned to the sequence. 
ATG codons in the intervening sequence are 
underlined. 
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One problem with this predicted pattern of translation for GI is that it can not 
be extended to include the other ANT gene, G2. As shown in figure Z the 
ORF beginning at -174 ends at -114 in the G2 5' untranslated region. It seems 
unlikely that Gi and G2 are regulated by different control mechanisms, 
because they encode polypeptides which are very homologous to each other at 
the amino acid level, and they maintain this homology for more than 300 
bases 5' of the coding region. 
In conclusion, the mechanisms of regulation of expression of the two maize 
genes encoding ANT remain unclear. The unravelling of how the presence of 
ATG triplets in the untranslated region 5' to the coding DNA, which 
apparently prevent in vitro expression, are tolerated awaits accurate 
characterisation of the 5' of the mRNA, and the cloning and characterisation of 
a full length cDNA for each ANT gene. The isolation of a cDNA clone 
corresponding to pANT-i (and G1) has recently been acheived in our 
laboratory (B.Bathgate and B.Winning, personal communication). This clone is 
significantly longer than pANT-1, with a 5' untranslated leader sequence of at 
least 200 bp. Characterisation of this clone is presently underway. 
7.3 The problem of cloning full length cDNAs 
The above section outlined how important it will be to clone full length ANT 
cDNAs. The usefuilness of the maize F1-ATPase 1 subunit cDNA (c131) whose 
isolation is described in chapter 6 was also severely restricted by the fact that it 
lacked amino terminal coding sequence. Clearly, the ability to clone full length 
cDNAs is central to useful in vitro expression and import studies, and 
therefore the problems encountered in this technique are briefly reviewed 
here. 
An outline of the enzymatic steps involved in synthesis of double stranded 
cDNA from poly-A+ RNA is shown in figure Z. The poly-A+ tail provides a 
convenient site for priming the synthesis of the first cDNA strand at the 
extreme 3' end of the mRNA with oligo-W) (Efstradiatis et al, 1976). The 
mRNA is copied by reverse transcriptase 3' to 5'. This means that any 
problems associated with elongation of this first strand will result in loss of 
sequence corresponding to amino terminal regions of the protein, or 5' 
untranslated RNA, the regions of central importance to studies on in vitro 
expression and import. 
01 
mRNA 5' 	 ARRARA 3' 
TTTTTT 
RNA/DNA hybrid 	11111 I 1111111 ARAAAA 3 
3 111111 5 




TTTTTT 5• 	 3'CCCCCCC 	 TTTTTT 
IIIIIIIIHIII AAAAAA 
a 	1111111111111ARARAR 3• 
	
560066GG 	 AAAAAA 3 
____________ 
3 	 TTTTTT 5 
TTTTTT 5' TTTTTT 5 
3CCCCCCC 11111111 11111 
I 
RNA 
TTTTTT 5 	 - 
Figure 7.3. Synthesis of double stranded cDNA. 
Poly-A + mRNA is annealed to oligo-(dT) to prime synthesis of the first strand. 
Synthesis of the second strand is by one of three methods: 
Self-priming by the formation of a hairpin at the 3' end of the first strand, 
followed by elongation by E.coli DNA polymerase I and Si nuclease digestion 
Priming by RNA fragments generated by RNcse H, followed by elongation 
with E.co]i DNA polymerese 1, and ligation of the fragments 
Addition of dC tails to the Tend of the first strand, followed by annealing 
with oligo-(dG) which serves as a primer for the elongation reaction 
Assuming that the first strand reaction extends to completion, there are still 
problems to overcome in generating the second cDNA strand without losing 5' 
sequence. The two simplest methods for second strand synthesis are priming 
by the formation of hairpin loops followed by digestion of the single stranded 
loop with Si Nuclease (figure 7.3A, Efstradiatis et al 1976), and partial 
digestion of the DNA/RNA hybrid with RNase H (figure 7.3B, Gubler and 
Hoffman 1983). These both involve nucleases, which might prevent the 
synthesis of full length double stranded cDNA. Priming by formation of a 
hairpin structure at the 5' end of the first strand results in almost certain loss of 
sequence, the extent of the loss depending on the precise nature of the hairpin 
formed. RNase H removal of the mRNA avoids the introduction of hairpin 
loops, but the method of choice for generating full length cDNAs is the oligo 
priming technique (figure 7.3C, Land et al 1981), which avoids all nucleases. 
This method is, however, the most complex. It also generates cDNAs with GC 
tails which can cause problems during subsequent in vitro expression as 
outlined in chapter 4. 
Clearly, selection of the protocol for generation of cDNA libraries with full 
length clones is a compromise between maximising the chance of obtaining 
full length clones (oligo-priming method) and obtaining clones most 
efficiently, and in a suitable form for rapid screening and subsequent in vitro 
expression (RNase H method). Whichever method is selected, it is also 
advisable to size select the double stranded cDNA prior to cloning, to 
eliminate sub-full length clones. Such small, incomplete cDNAs will clone 
relatively easily, and can not be identified as incomplete until after the 
laborious tasks of library screening, clone isolation, and characterisation of the 
cloned insert. 
7.4 Features of the plant mitochondrial protein import system 
7.4.1 Is ANT processed during import? 
The pathway of import of ANT into mitochondria has been extensively 
studied in yeast and Neurospora crassa (Adrian et al 1986, Smagula and 
Douglas 1988, Pfanner and Neupert 1987). Import of ANT in these organisms 
is unusual in that it is apparently neither accompanied by amino-terminal 
processing, nor mediated by amino-terminal targeting sequences. A hybrid 
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protein containing the amino terminal 72 amino acids of yeast ANT fused to 
mouse cytosolic DHFR will not bind to yeast mitochondria, whereas the 
amino terminal 111 amino acids will direct this passenger protein to a protease 
protected location within the organelle, but not to the authentic location of 
ANT (Smagula and Douglas 1988). The amino terminal sequence (residues 1-
72) does not resemble a potential amphiphilic helix (a characteristic feature of 
both cleavable and non-cleavable targeting sequences), providing further 
evidence that targeting information is not restricted to the extreme amino-
terminal regions of the ANT precursor protein. A truncated ANT polypeptide 
from Neurospora, lacking 103 amino acids from the N-terminus is efficiently 
targeted to isolated mitochondria (Pfanner et al 1987a), implying the existence 
of internal domains within the ANT protein of this organism which can act as 
targeting sequences, at least when exposed at the N-terminus of the truncated 
precursor. This might be a consequence of the fact that all ANT polypeptides 
identified to date appear to consist of three homologous domains of ca. 100 
amino acids (Saraste and Walker 1982, Baker 1985). It has been suggested that 
these domains have a common ancestry, and that the protein evolved through 
two gene duplications (Saraste and Walker 1982). Consequently, each of the 
three domains may contain targeting information sufficient for mitochondrial 
localisation, and the truncated Neurospora precursor, which still contains two 
of the three repeated domains, could therefore be imported by the authentic 
ANT import pathway. 
Notwithstanding these unusual features, import of ANT into isolated 
mitochondria of Neurospora does, in common with a number of other 
imported proteins, apparently occur via translocation contact sites following 
binding to receptors in the outer membrane, and requires ATP and a 
membrane potential. This implies that it is the recognition event (and how this 
has evolved) rather than the subsequent mechanics of import which account 
for the unique features of import of ANT. This could be a reflection of the fact 
that whilst, according to the endosymbiotic theory of mitochondrial origin, 
most nuclear encoded mitochondrial protein were ancestrally encoded within 
the proto-mitochondrion, and that these proteins acquired a requirement for 
targeting sequences only after gene transfer to the nucleus, ANT has no 
prokaryotic counterpart, and therefore presumably evolved by a different 
route. Unlike proteins encoded by genes transfered to the nucleus from the 
prokaryotic endosymbiont, which had initially evolved functionally as 
159 
prokaryotic proteins without targeting sequences, ANT must have evolved 
functionally as an imported protein, obviating the need for a separate 
targeting domain (which serves no catalytic role in the mature protein) to be 
attached at a specific point during evolution. 
The amino terminal regions of ANT protein from different sources show a 
good deal of heterogeneity with regard to both size and sequence. This is 
illustrated in figure 74., with the predicted maize polypeptide translated from 
the ATGa codon. These various N-terminal sequences are presumably neither 
essential for, nor inhibitory to, ANT function since they vary and yet are not 
proteolytically removed prior to assembly within the inner membrane (except 
possibly in the case of maize). 
The ANT import data presented in chapter 5 implies that the protein 
synthesised in vitro from pDS6-G5 is processed upon import into maize 
mitochondria. The processed form co-migrates with endogenous ANT present 
in the mitochondria used in the import reaction (as identified by a 
characteristic heavily Coomassie stained band), suggesting that mature ANT 
is being generated from the in vitro synthesised precursor during import. 
Whether this reflects the situation in vivo is another matter. The RNA 
generated from clone pDS6-G5 is probably translated from the first in frame 
ATG of the mRNA (ATGa). The minor translation product which can be seen 
in reticulocyte lysate translations (see figure 7), which migrates slightly 
more quickly, is possibly due to initiation at the second in frame ATG (ATGb), 
33 base pairs 3' to ATGa. The processed form is smaller than both these 
translation products. This result raises a number of interesting questions: 
i) What is the apparent molecular weight of the cytoplasmically 
synthesised ANT in vivo? The experiment which must be 
performed in order to address this question involves in vitro 
translation of poly-A+ mRNA isolated from maize tissue, followed 
by immunoprecipitation with antisera against ANT. 
Electrophoresing the immunoprecipitated ANT alongside mature 
ANT and the pDS6-G5 translation product might give an 
indication of a) which ATG codon encodes the amino terminal 
methionine in vivo and b) whether the ANT is processed during 
import. It must be remembered, however, that mobility through 
polyacrylamide/SDS gels is not an absolute guide to true 
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- 	 Figure 7.4 
Comparison of the amino-terminal sequences of the adenine nucleotide 
translocetor (ANT) from maize, yeest,Neurospora and beef mitochondria. 
The maize, Neurospora and maize sequences are as predicted from 
nucleotide sequences of cDNAs and genes. The beef sequence was 
determined by direct amino acid sequencing of the polypeptide. 
Common residues are boxed. 
References; Adrian et el 1986 (yeast), Arends and Sebald 1984 
(Neurospore), Aquila et el 1982 (beef), Baker 1985 and B. Bathgate, 
personal communication (maize). 
molecular weight. Purified ANT runs slightly faster than native 
mitochondrial ANT from a mitochondrial extract (Baker 1985), 
with both having an apparent molecular weight of about 29kDal 
compared to the true MW of 40kDal (as calculated from sequence 
data, with ATGb taken as the start of translation). 
What enzymatic activity is responsible for the processing which 
accompanies import of the pDS6-G5 translation product into 
isolated maize mitochondria? Import is apparently inhibited by o-
phenanthroline, a chelator of metal ions, which is a potent 
inhibitor of the matrix-located protease identified within yeast and 
Neurospora mitochondria, yet a crude matrix extract from maize 
mitochondria which actively processes yeast pre-COX IV, does not 
specifically process the pDS6-G5 translation product to the form 
seen to be generated during import. It is possible that plant 
mitochondria have a different strategy to the lower eucaryotes for 
processing precursors during import in view of the fact that 
precursors of imported chloroplast proteins, which are predicted 
to resemble precursors destined for the mitochondrion (Colman 
and Robinson 1986), must be effectively discriminated against. 
This possibility is discussed in a later section. 
iii) If ANT is processed during import, does the cleaved peptide carry 
mitochondrial targeting sequences? Should this be the case, it 
would represent a completely different strategy to that employed 
by the lower eukaryotes for the import of ANT. It will be 
important to see if truncated ANT precursors, which lack the N-
terminal extension (e.g. the processed, imported form) can be 
targeted to the mitochondrion in vitro. Another possibility is that 
the N-terminal extension of the maize ANT protein (which is 
considerably larger than its mammalian and fungal counterparts: 
see figure 7.4) interferes with ANT function, and is removed by a 
specific mitochondrial enzyme to allow activity in this organelle, 
but nowhere else. Bearing this in mind, it will be interesting to see 
whether isolated chioroplasts can import ANT under any 
conditions. 
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7.4.2 Comparison of mitochondrial protein import in plants and the lower 
eukaryotes. 
Although the study of import of proteins into plant mitochondria is still in its 
infancy, the observations made to date suggest that the mechanism of protein 
import into plant mitochondria may be significantly different to the well 
characterised yeast and Neurospora systems. One such difference, regarding 
the possible processing of ANT during import, has been discussed in the 
preceeding section. This section is concerned with other potential differences, 
their possible implications and suggested experiments aimed at characterising 
them. 
The yeast and tobacco mitochondrial F1-ATPase 2 subunits are highly 
homologous to each other within regions of the mature protein, but 
apparently have very different targeting sequences. The yeast presequence is 
unexceptional for an imported inner membrane protein. It is 19 amino acids in 
length (Vassarotti et al 1987), and includes three basic residues at positions 
+5,12 and 16 (relative to the amino-terminal methionine residue), and no 
acidic residues. The tobacco presequence is apparently much larger (probably 
between 60 and 90 amino acids), although the precise processing site has yet 
to be identified, raising speculation as to whether there may be more 
information in this targeting sequence than in the yeast counterpart. The 
nucleotide sequence of the tobacco cDNA has been used (Boutry and Chua 
1985) to calculate that the precursor has a molecular weight of ca. 59kDal. It 
has been shown that the amino-terminal 59 amino acids of this precursor will 
target a passenger protein (chioramphenicol acetyl transferase - CAT) to 
tobacco mitochondria in vivo (M.Boutry, personal communication). 
However, precursor to authentic 2 subunit is processed upon import into 
isolated tobacco mitochondria to a mature size of ca. 50kDal, as estimated 
from mobility through polyacrylamide/SDS gels, suggesting that the cleaved 
sequence may be as large as 9kDal, or 90 amino acids. Presequences of this 
length are found to be associated with some imported yeast proteins, but 
generally only those transported to the inter membrane space via complex 
two-step processes (Sadler et al 1984, Guiard 1985). It remains to be seen 
whether other imported plant proteins have such long targeting sequences as 
the 13 subunit of Fl-ATPase of tobacco, and, if so, whether this has any 
significance regarding intracellular and intramitochondrial sorting. In vitro 
mutagenesis of targeting sequences and the construction of gene fusions has 
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helped define functional regions within yeast presequences, and similar 
experiments will hopefully elucidate what constitutes a plant mitochondrial 
targeting sequence, and to what extent these are functionally interchangeable 
with mitochondrial targeting sequences from other organisms. In addition, 
such mutated precursors could be assayed in an in vitro chioroplast import 
system, to attempt to identify any regions within the mitochondrial targeting 
sequences which might be involved in preventing mis-targeting between the 
chioroplast and mitochondrion. 
Import of yeast pre-COX IV into plant mitochondria is accompanied by o-
phenanthroline sensitive processing, yet the specificity of this cleavage 
appears to differ from that observed when isolated yeast mitochondria import 
and process pre-COX IV in All the imported COX IV imported into 
isolated yeast mitochondria is cleaved to a mature size of ca. 14kDal by 
removal of the amino terminal 25 amino acids (Hurt et al 1985a), but two 
processed forms, of Ca. 14kDal and ca. 15kDal are produced during import 
into isolated maize mitochondria. It is not clear whether the 15kDal species is 
a processing intermediate or a final product, but it is detectable as soon as one 
minute after initiation of the import reaction, and still present in significant 
amounts after 20 minutes. The cleavage site responsible for production of the 
15kDal protein could be between amino acids 17 and 18 of pre-COX IV. This 
site has been identified as a potential cleavage site by incubation of pre-COX 
IV with a crude yeast mitochondrial matrix extract (Hurt et al, 1985a). Under 
these conditions there is active processing at this site to generate processed 
COX IV of intermediate size. Processing by a crude maize mitochondrial 
extract produces two products of the same sizes as seen during import into 
isolated maize mitochondria. It is reasonable, bearing in mind the difference 
between the presequences of 9 subunit of the F1-ATPase from yeast and 
tobacco, to expect the yeast COX IV presequence to differ considerably from 
its maize counterpart, so the imprecise choice of cleavage site in the 
heterologous in vitro import reaction is not wholly suprising. The rapidity of 
import of yeast pre-COX IV into isolated maize mitochondria suggests that the 
recognition events which precede import are conserved between plants and 
yeast to a reasonably high degree. 
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7.5 Future development and optimisation of the import system 
The opportunities which open up following the development and 
optimisation of a system for the in vitro import of proteins into isolated plant 
mitochondria are considerable. The feasability of such a system has been 
outlined in this thesis, allowing some speculation upon how these in vitro 
studies may be used to analyse a) the mechanism of mitochondrial biogenesis, 
and how this process is regulated in response to developmental and 
environmental stimuli, and b) the way in which intracellular targeting allows 
discrimination between the wide variety of sub-cellular organelles whose 
biogenesis is dependent upon import of proteins from the cytoplasm. 
In higher plants, changes in mitochondrial activity accompany, and provide 
energy and metabolites for, a wide range of developmental transitions. The 
onset of flowering, senescence, fruit ripening and early seedling development 
are examples, with the last of these being of particular interest, as the 
decreasing dependence upon mitochondrial oxidative phosphorylation during 
the transition from heterotrophy to autotrophy is mirrored by an increasing 
reliance upon photophosphorylation within the developing chioroplasts. 
The important questions to ask are when does biogenesis of mitochondria and 
chioroplasts occur, and how are these processes regulated? Early indications 
(Topping 1987) suggest that active mitochondrial biogenesis is restricted to the 
extreme basal sections of the developing wheat leaf, whereas chloroplast 
biogenesis increases more uniformly along the length of the leaf. Whereas 
organelles must remain to some extent capable of importing proteins, all of 
which are constantly turning over, in order to maintain function, it is still 
possible that modulation of 'competence to import' may represent a level of 
control of mitochondrial biogenesis and function. Other potential levels of 
regulation of mitochondrial biogenesis include transcription of nuclear and 
mitochondrial genes, RNA processing, mRNA translation, post-translational 
modification and assembly of enzyme complexes. It is to be expected that 
these various level of regulation interact with each other to modulate and co-
ordinate mitochondrial biogenesis. This regulation must be flexible, given the 
range of stimuli which may be encountered, and to be so it presumably 
involves 'monitoring' of the surrounding cytoplasm by the nucleus. 
Modulation of 'competence to import' of mitochondria could serve as a means 
of signalling from the cytoplasm to the nucleus that there is a change in the 
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requirement for mitochondrial protein. For instance, if mitochondrial 
receptors became limiting for import, this could lead to a build up in the 
cytosol of pools of import precursors, providing that these precursors are 
reasonably stable within the cytoplasm. The putative 'cytoplasmic sensor' 
could then relay this information to the nucleus. 
One problem associated with comparing mitochondria from different tissues 
or developmental stages in vitro is that different extraction procedures could 
influence the quality and purity of the prepared organelles. In addition, the 
cellular environment of mitochondria (e.g. concentration of proteases) may 
vary between tissues and developmental stages, and this may influence the 
quality of the respective mitochondrial preparations. It may be possible to 
assess independently the intactness and general 'fitness' of isolated 
mitochondria by, amongst other methods, use of an oxygen electrode and 
measuring in organello incorporation of amino acids into proteins, such that 
any differences noticed in the ability of mitochondria from various tissues of 
the plant to import proteins in vitro can be meaningfully compared to each 
other. 
Not only does mitochondrial activity change with developmental transitions, 
but also the nature of the mitochondrion, and its role within the cell, alters too. 
For instance, mitochondrial enzymes involved in photorespiration (e.g. 
glycine decarboxylase) are found at higher levels in green tissue than in non-
photosynthetic tissue. This implies that even though mitochondrial activity, as 
estimated by the level of electron transport chain components or measured 
respiration rates, decreases during greening, import of some proteins increases 
at the same time. Could photorespiratory enzymes be imported via their own 
specific recognition and translocation machinery which is expressed at higher 
levels in green tissue? Any such qualitative changes in the import machinery 
should be detectable in vitro, providing that the import conditions are 
optimised, by assessing the relative efficiencies of import of a range of 
precursors by mitochondria isolated from different tissues. Once again, it will 
be imperative to exercise a lot of care in interpreting results of this nature. A 
wide range of factors will influence rates of import in vitro, many of which 
will not be comparable to the situation in vivo. However, the use of ratios of 
uptake rates of a variety of precursors should largely cancel out most of these 
artefactual in vitro factors, and hence allow detection of significant qualitative 
changes in the import machinery of mitochondria through development. 
7.6 Plant transformation and in vivo import analysis 
As mentioned above, the extrapolation of in vitro results to the situation in 
the living plant is fraught with complications and caveats. Ultimately, the aim 
must be to investigate targeting in vivo via plant transformation, with the in 
vitro system acting as a relatively fast and simple means of screening mutated 
import precursors and hybrid proteins to assess their ability to recognise 
mitochondria, cross biological membranes, be processed, etc. This would 
avoid the tedious business of transforming and regenerating plants only to 
discover that the novel protein introduced is not localised to the 
mitochondrion. Once a gene has been manipulated within the in vitro 
expression vector as required and shown to encode a protein which is targeted 
to and imported by mitochondria in vitro, this gene may then be cloned into a 
suitable plant transformation vector and introduced into plants. 
7.6.1 Introducing novel proteins into mitochondria 
One possible approach to studying the changing role of the mitochondrion 
during plant development would involve the introduction of proteins not 
normally found associated with mitochondria into the organelle, and analysis 
of the phenotypic and/or biochemical consequences. 
Boutry et al (1987) have demonstrated that the presequence of the I subunit of 
F1-ATPase of tobacco can act as a targeting sequence which is both efficient 
and accurate, when it is fused to a non-mitochondrial 'passenger' protein 
(Chioramphenicol acetyl transferase - CAT) and introduced to plants. CAT 
was used as a marker enzyme due to the ease with which its activity within 
the transformed plant can be screened. Inclusion of chloramphenicol in the 
growth medium during regeneration of transformed plants will be toxic to all 
plants except those which express the CAT gene, whose product detoxifies 
chloramphenicol. Since chioramphenicol exerts its effect upon organellar 
ribosomes, targeting of CAT protein to mitochondria should enhance the 
effectiveness of the introduced CAT gene in protecting the transformants, and 
indeed the transformants recovered did have all detectable CAT activity 
contained within the mitochondrion. This association of CAT with the 
mitochondrion is not due to any particular feature of the CAT protein. A 
similar experiment using a gene fusion encoding a hybrid protein of pea 
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RUBISCO small subunit presequence fused to CAT gave transformed plants 
with CAT activity resticted to the chioroplast fraction (Boutry and Chua 1987). 
Whilst CAT activity is easily screenable, it has no obvious value applicable to 
the analysis of plant development. What would be of greater interest is the 
introduction of proteins which are expected to interfere with or modify the 
metabolic competence and efficiency of the mitochondrion. One particularly 
attractive example of this concerns the LuxA and LuxB genes of Vibrio 
harveyi luciferase. It has already been shown that these genes can be 
introduced into plants, and are expressed (Koncz et al 1987). Luciferase is a 
protein involved in bioluminescence, using long chain fatty aldehyde as 
substrate. It also requires molecular oxygen and reduced flavin 
mononucleotide (FMNH2). Targeting luciferase to plant mitochondria would 
be of significant interest in the light of the fact that FMNH2 is a co-factor of the 
NADH-dehydrogenase complex of the electron transport chain. In principle, 
luciferase activity (when supplied with n-decanal, a long chain fatty 
aldehyde), which can be monitored by quantitative measurement of light 
emission, can be linked to FMNH2 consumption and any resultant inhibitory 
effects upon oxidative phosphorylation rates. It is unclear as yet how feasible 
such experiments will be, but the ability to perturb the biochemical balance of 
the mitochondrion should prove to be a useful tool in the investigation of 
mitochondrial function at different developmental stages. 
7.6.2 Introduction of mutated mitochondrial proteins 
Another approach to studying developmental and environmental regulation 
of mitochondrial function is to introduce into the nucleus extra copies of genes 
for mitochondrial proteins which have been mutated in a specified manner. 
Plants containing mutated subunits which cause changes in mitochondrial 
activity through, for example, altered rates of import, assembly or catalysis, 
would presumably reflect this in altered growth patterns, allowing 
correlations to be drawn between developmental patterns and levels of 
mitochondrial activity. In addition, mutations within the untranslated leader 
sequences of the introduced genes could be used to identify and characterise 
promoters and cis-acting regulatory factors. Unfortunately, there is no way of 
disrupting the endogenous nuclear gene(s) in such experiments. Almost every 
naturally occuring mutation in genes for mitochondrial proteins would be 
M. 
either lethal to the plant or undetectable, so mutations lacking endogenous 
genes are effectively unobtainable. 
As a result of this, it may prove problematic to follow expression of the 
introduced gene, especially if the mutations made are subtle. Expression of the 
endogenous gene(s) may be repressed if the transformed gene is under the 
control of a strong constitutive promoter (e.g. Cauliflower Mosaic virus 35S 
RNA promoter), but in order to confirm this it must be possible to differentiate 
between mRNA from the authentic and mutated genes, and also between the 
proteins. The use of specific oligonucleotide probes on Northern blots should 
distinguish the mRNAs from each other, but identifying the different 
polypeptides will depend on to what extent they vary in mobility through 
gels, and could prove very difficult. 
7.6.3 Quantitative changes in steady-state levels of mitochondrial proteins. 
A third way of distorting mitochondria by plant transformation is the 
introduction of extra copies of authentic genes in an attempt to perturb the 
relative amounts of certain proteins within the mitochondrion. Plants could be 
transformed with genes whose expression is under the control of strong 
constitutive promoters (e.g. Cauliflower Mosaic virus 35S RNA promoter) as 
described above. This would allow an analysis of to what extent feedback 
control mechanisms prevent over-production (relative to other mitochondrial 
proteins) of an individual protein, and at what stage of expression any such 
mechanisms act. Tissue-specific or environmental-specific promoters could be 
used to alter levels of expression of specific genes in specific tissues, or under 
specific conditions respectively. 
In the event of significant changes in the relative amount of a particular 
protein in mitochondria, this could then be correlated with any observed 
effects on mitochondrial biochemistry, whether manifested phenotypically, or 
measured in vitro. 
With a view towards experiments along these lines, the ANT coding region 
from pDS6-G5 has been cloned into the plant transformation vector pRT 101. 
The Eco Ri - 2 fragment of pDS6-G5 has the entire ANT open reading 
frame without introns or 'upstream' ATG codons. It is hoped that this initial 
construct will be used in the near future to transform potato plants. In vitro 
studies on animal mitochondria (Duszynski et al 1982, Tager et al 1983) have 
been aimed at identifying the major regulatory reactions of oxidative 
phosphorylation. Using the principle of Kacser and Burns (1973), whereby 
each reaction of a biochemical pathway has a control coefficient, the sum of 
which for any given pathway is 1, ANT was identified as an important 
regulatory enzyme of oxidative phosphorylation during state 3 respiration, 
having a control coefficient of 0.29. This suggests that, if the situation is 
mirrored in plants, altering the level of ANT protein in mitochondrial 
membranes could have a dramatic effect upon potential rates of ATP 
generation and supply to the cytosol. 
7.6.4 Inducing the cytoplasmic male sterile phenotype 
The cytoplasmic male sterile (CMS) phenotype is a trait observed in a number 
of major crop species, characterised by an inability to produce or shed viable 
pollen (Leaver and Gray 1982). At the cellular level, the trait is correlated with 
rearrangements in the mitochondrial genome, and with the production of 
variant polypeptides within the mitochondrion. Whilst there is a good deal of 
evidence to suggest a causal link between synthesis of these novel proteins 
and inducement of the phenotype, this is yet to be proven. 
CMS type T(CMS-T) in maize is characterised by synthesis of a 13kDal protein 
by mitochondria. The open reading frame (ORF) encoding this protein, TURF-
13, which is apparently generated by rearrangements of the mitochondrial 
genome, has been cloned and sequenced. By introducing a number of 
specified mutations, to allow for differences between the mitochondrial and 
nuclear codon usage, the 13kDal ORF can be converted into a form 
commesurate with expression in the nuclear genome. Targeting of this protein 
to mitochondria of transformed male fertile plants could be assessed 
phenotypically, and should it thus prove possible to engineer CMS, this would 
provide strong evidence for a causal link between the presence of this protein 
in mitochondria and the CMS phenotye. This would also represent an 
important means of generating male sterile lines for field trials and potential 
commercial exploitation, providing that these sterile lines could be restored to 
fertility by the introduction into the nuclear background of specific restorer 
genes. 
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One major limitation to the usefullness of the above technology is the range of 
plant species which can be routinely regenerated following transformation. 
Cereal crops are still difficult to regenerate following genetic transformation of 
single cells, and this presents a real barrier against the application of 
molecular modification to commercial lines. 
7.7 General conclusions 
This final chapter has outlined the range of questions which can be addressed 
using in vitro expression and import systems, and via the transfer of this 
technology to in vivo analysis. There remain significant stumbling blocks in 
the shape of transformation and regeneration of cereal crops such as maize, 
and the cloning of full length cDNA from plants. These techniques are 
feasible, but far from routine at present. 
Hopefully, over the next few years it will prove possible to probe the complex 
regulation of mitochondrial biogenesis by controlled perturbation of the 
balance and range of protein imported by the organelle in There is a 
long way to go, but the potential rewards will encourage persistence! 
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